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Abstract
Cartilage functions as a load bearing and friction reducing material in
synovial joints and it is constantly exposed to in vivo loading which is coupled to
electromechanical and physicochemical forces. The swelling pressure of cartilage
originates from proteoglycans containing negatively charged carboxyl and sulfate
groups within glycosaminoglycans. Proteoglycans are embedded within the network
of collagen fibrils whose molecular structure (supercoiled helix of three alpha-chain
subunits) provides resistance to tensile forces, and contributes to the overall
poroviscoelastic behavior of the tissue. The dynamic balance between repulsive and
tensile forces gives cartilage unique compressive and shear stiffness that varies with
the rate of deformation. Chondrocytes synthesize and degrade matrix components
influenced by the regulatory signals present in the extracellular matrix. The
transduction mechanisms by which mechanical signals are converted to a biological
response are not completely understood. Therefore, the knowledge of both
biological and biophysical aspects of cartilage is important to understand the
dynamic interaction between the cells and matrix.
In this study, the electromechanical properties of cartilage have been studied
by measuring equilibrium and dynamic shear stiffness as a function of the ionic
concentration of bath solution. Measured shear properties were dependent on ionic
concentration; the shear modulus increased and the phase angle between stress and
strain decreased with decreasing ionic concentration. Theoretical models were
developed to interpret the experimental results: 1) the glycosaminoglycans (GAGs)
were modeled as cylindrical rods (a unit cell model) with the geometry based on the
experimental measurement; 2) GAGs were embedded within collagen network
which supports the repulsive forces between GAGs; 3) macroscopic shear
deformation was reflected on the randomly oriented unit cell; and 4) the Poisson-
Boltzmann equation was used to calculate the change in the free energy and the
shear modulus as a function of ionic concentration and shear deformation. The
reasonable comparison between experimental results and theoretical calculations
suggests that the microstructural rearrangement of GAGs during shear deformation
is an important determinant in the shear stiffness of cartilage.
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In vivo compression of cartilage influences chondrocyte biosynthesis through
mechanical deformation, fluid flow, and concomitant electrical and physicochemical
changes. In vitro systems utilizing one or a combination of biophysical forces which
chondrocytes are exposed to during compressive deformation in vivo have shown
the complexity of biophysical environment, which potentially could alter
chondrocyte biosynthesis. In this study, we have hypothesized that 1) shear
deformation on poroelastic tissue like cartilage does not induce pressure gradient
and relative interstitial fluid motion and 2) cell-matrix deformation produced by
tissue shear deformation, with little or no accompanying fluid flow, can regulate
cartilage metabolism. For this purpose, we have developed an incubator-housed
tissue loading apparatus that can mimic the shear deformation in vivo on cartilage
explants ex vivo. The effects of tissue shear (0.5-6 % shear strain with frequencies
between 0.01-1.0 Hz) on cartilage metabolism were evaluated across multiple
pathways including phosphorylated ERKl/2 level, mRNA levels of aggrecan protein
core and type II collagen, and matrix synthesis assessed by the proline and sulfate
radiolabel incorporation and quantitative autoradiography. The synthesis of total
protein (mostly collagen) and proteoglycan in response to shear deformation was
significantly increased over static control by -50% and -25%, respectively. This
increased matrix production was accompanied by the increases in mRNA levels of
collagen and, less significantly, aggrecan core protein, which may be related, in
part, to stimulated ERK1/2 pathways.
Thesis Supervisor: Alan J. Grodzinsky
Title: Professor of Electrical, Mechanical, and Bioengineering
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Chapter I
General Introduction
The synovial joints ensure load transmission within skeletal structures and
allow relative movements between bones. The end of a synovial joint is covered
with articular cartilage, a glossy and opaque tissue, which functions as a load
absorbing and friction reducing material. These unique mechanical functions of
articular cartilage are enabled by the interaction between extracellular matrix and
synovial fluid; the major solid components (20-30% of wet weight) of extracellular
matrix are proteoglycans (PGs) (30-35% of dry weight), hydrated collagen fibrils
(50-60% of dry weight), and other non-collagenous proteins and glycoproteins (10-
20% of dry weight) [Muir, 1995]. Negatively charged groups within proteoglycans
induce repulsion and swelling pressure within collagen network and retard the
relative movement of the interstitial fluid. The dynamic force balance between
swelling pressure and a resistance of collagen fibrils to tensile forces gives rise to
specialized mechanical properties by which an instantaneous large compression is
prevented while a large compression is allowed to forces applied at a slow to
moderate rate. The extracellular matrix, via its composition and structure, in turn,
exerts a regulatory role in promoting or maintaining cellular differentiation and
phenotypic expression [Yang, 1998; Bateman, 1996]. In response to the biosynthetic
signals, chondrocytes synthesize and degrade matrix component, and the dynamic
interaction between cell and matrix necessitates the understanding of biological and
biophysical aspects of cartilage (Figure 1.1).
Glycosaminoglycans (GAGs) are the major molecules that give cartilage
compressive stiffness due to their negatively charged sulfate and carboxyl groups.
GAGs are attached to the serine residues of protein cores and this unit is called
aggregating proteoglycan or aggrecan (-2,500 kDa). Proteoglycans are a family of
ubiquitous proteins found on the cell surface, within intracellular vesicles, and
extracellular space [Wight, 1991]. The multi-domain structure of the core protein of
aggrecan includes a hyaluronic acid (HA)-binding region near the N-terminal (GI
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domain) and a glycosaminoglycan-attachment domain containing a number of
serine-glycine repeats in the middle portion. The C-terminal G3 domain comprises
an alternatively spliced complement regulatory protein-like repeat at the extreme C-
terminus, an adjacent repeat homologous with C-type animal lectins and an
epidermal growth factor (EGF)-like domain that is also subject to alternative
splicing [Wight, 1991]. The GI domain of aggrecan mediating specific interactions
with hyaluronan (HA) is further stabilized by concomitant binding to the link
protein, forming a supramolecular aggregate (refer to Figure 3.1).
In vivo loading:
electromechanical! physicochemical forces
TISSUE:
Cell/ Matrix/ Fluid 4
0&Q
00
Turnover
Synthesis/ Degradation
MATRIX:
CHONDROCYTE Proteoglycan!
Collagen
Influence biosynthesis
Figure 1.1: Interaction between cell and matrix. Cartilage, which is constantly
exposed to the electromechanical and physicochemical forces in vivo, consists of
cell, matrix, and interstitial fluid. Major components of articular cartilage matrix are
proteoglycan and type II collagen fibrils whose dynamic interaction provides a
macroscopic mechanical function. The physical structure of the matrix can itself
impart regulatory information by altering cell morphology and phenotypic
expression. In response to this regulatory signal, chondrocyte synthesize or degrade
matrix leading to the remodeling of cartilage tissue.
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Collagens constitute a superfamily of extracellular matrix proteins with a
structural role as their primary function. All collagenous proteins have domains with
a triple-helical conformation and each domain is formed by three subunits of X-
chains. Each of the three polypeptide chains in the molecule forms an extended left-
handed polyproline 11-type helix, which is stabilized by the high imino acid content.
The three chains, staggered by one residue relative to each other, are supercoiled
about a common axis in a right-handed manner to form the triple-helix. This helical
structure has a requirement that every third amino acid is a glycine residue that
allows the close packing along the central axis and hydrogen bonding between the
three chains (Figure 1.2). Thus each domain possesses a characteristic tri-peptide
motif (Gly-X-Y) and, frequently, X is proline and Y is hydroxylproline (Figure 1.2).
The x-chains of the fibrillar collagens are synthesized as a large precursor pro oa-
chains with N- and C-terminal globular extensions called propeptides. Following
secretion, the N- and C-propeptide domains are proteolytically removed to produce
the collagen monomers consisting of the triple helix and short non-helical
telopeptide sequences at both the C- and N-termini. Following this extracellular
processing, the processed collagen molecules self assemble into ordered fibrillar
structures and this molecular arrangement is further stabilized by lysyl oxidase
catalysed covalent cross-links. This process is called collagen fibrillogenesis.
Cartilage tissue is constantly exposed to external loadings that consist of a
combination of compressive and shear deformation (Figure 1.3). Compressive
deformation of cartilage induces a pressure gradient and the relative movement of
interstitial fluid. Interstitial fluid contains net positive ions due to the negative
charges of proteoglycan and the requirement of electroneutrality. The convective
movement of fluid entraining net positive ions, again, generates electric currents and
fields called electrokinetic coupling. Compressive deformation increases the fixed
charge density, and this effect increases osmolarity and decreases pH of the
intratissue fluid. One or the combination of these complicated electro-mechanical
and physicochemical phenomena have been used to mimic aspects of in vivo
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compression [Gray, 1988; Sah, 1989; Urban, 1993; Parkinnen, 1993; Giori, 1993;
Sah, 1996; Bonassar, 2000]: cyclic hydrostatic pressure, fluid-induced shear,
dynamic tissue deformation, changes in osmolarity and pH.
Newly synthesized proteoglycan molecules have been traced at the micron
scale using quantitative autoradiography. The spatial profile and the estimated
biophysical changes based on the poroelastic model of cartilage have been able to
show that newly made proteoglycans were more localized in the tissue region where
chondrocytes were exposed to a greater level of fluid flow under volumetric axial
deformation of cartilage explants [Kim, 1994; Buschmann, 1999]. These studies
suggest the importance of biophysical changes associated with the fluid flow on
chondrocyte biosynthesis. Nonetheless, there have been little studies testing whether
fluid flow-free deformation could stimulate chondrocyte matrix synthesis. In this
study, we used tissue shear deformation to study the effect of cell and matrix
deformation decoupled from the fluid flow since the shear deformation on the
poroelastic tissue induces minimal volumetric deformation and pressure gradient.
In addition to the biological response of chondrocyte under shear
deformation, tissue shear deformation, especially pure shear applied by torsional
deformation, causes matrix deformation which is distinct from the changes due to
the compressive deformation. The compressive stiffness of cartilage tissue
originates from the electrostatic repulsion and swelling pressure due to GAG and
other charge-independent macromolecules. In contrast, tensile stiffness of cartilage
is considered to be from the collagen fibrils prestressed by the repulsive forces
between PG [Zhu, 1993].
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Figure 1.2: Structure of collagen. Three left-handed primary ct-chains are
supercoiled about a common axis in a right-handed manner to form the triple-helix.
After the secretion of procollagen into extracellular space, N- and C-termini are
cleaved by specific endopeptidases and thus self-assemble into ordered fibrillar
structures. The collagen fibrils are further stabilized by the formation of covalent-
cross linking, which confers the mechanical properties of the collagen fibrils.
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However, there were no previous systematic and theoretical studies on how
PG contributes directly to shear stiffness and the interaction between PG and
collagen network at the molecular level. Therefore, a theoretical model was
developed to explain the direct role of PG in supporting the shear stiffness of
cartilage. Glycosaminoglycans (GAGs) were modeled as a cylindrical rod (a unit
cell model) with its geometry determined based on experimental measurements.
Macroscopic shear deformation was imposed on the unit cell that is assumed to be
randomly oriented. The Poisson-Boltzmann equation was used to calculate the
change in the free energy and a shear modulus as a function of ionic concentration
and shear deformation.
UNLOADED COMPRESSION SHEAR
Figure 1.3: Cartilage loading in vivo. Cartilage is constantly exposed to a
combination of compressive and shear deformation. In response to compressive
deformation, chondrocytes experience electromechanical and physicochemical
forces which are known to affect chondrocyte metabolism. In contrast, in response
to shear, the cell and matrix deformation is decoupled from the other biophysical
changes.
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1.1 Electromechanics of Cartilage Matrix'
The study of the electromechanical properties of cartilage matrix can be
classified into macroscopic- or microscopic-scale approaches. Macroscopic
approaches utilize native cartilage tissue and have studied the mechanisms by which
cartilage provides in vivo functions. Testing configurations of compression, shear,
and tension mode have been extensively used [Simon, 1990; Zhu, 1993; Basser,
1998]. Compressive, shear, and tensile stiffness reflect the content and integrity of
proteoglycan and collagen fibrils, and also depend on their interaction with
interstitial fluid. The tensile strength of the collagen network within native tissue
has been studied using the force balance between an applied stress, proteoglycan
(PG) swelling pressure, and the collagen tensile stiffness [Basser, 1998]. This study
showed that the ability of collagen fibrils to limit the hydration of tissue and, thus,
maintains a high PG concentration in normal cartilage was significantly
compromised in osteoarthritis tissue.
Measurements of mechanical properties have often been accompanied by the
enzymatic degradation of proteoglycan [Zhu, 1993], non-enzymatic glycation of
collagen fibril [Kerin, 2001], and changes in ionic concentration and pH [Eisenberg,
1985; Frank, 1987; Jin, 2001]. These studies have revealed the electrostatic nature
of proteoglycans in supporting compressive and shear stiffness, the contribution of
collagen network to tensile and shear properties, and the complexity of the dynamic
interaction among proteoglycan, collagen fibrils, and fluid phase. For example,
injurious compression of cartilage explants can lead to collagen damage and GAG
loss, and can diminish the ability of cartilage to withstand external deformation,
which was evaluated by the measurements of compressive, and shear properties, and
Adapted from "Influence of Tissue Shear Deformation on Matrix Electromechanics and
Metabolism in Cartilage Explants", In: The Many Faces of Osteoarthritis, [Jin; in press].
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histology [Kurz, 2001; Chen, 1999]. Diagnostic tools using the electrokinetic
coupling phenomenon within matrix have shown that the impedance and the current
generated stress vary sensitively with the proteoglycan content and the hydration
level of tissue [Evans, 2001].
Numerous theories have been used to describe the macroscopic behavior of
cartilage tissue, focusing on the interaction between fluid and solid matrix, and the
intrinsic properties of macromolecules. Poroelasticity and mixture theories have
well predicted stress relaxation, creep, and electrokinetic coupling under volumetric
deformation of cartilage tissue [Frank, 1987b; Mow, 1980]. Intrinsic viscoelastic
properties of collagen network has been incorporated into the poroviscoelasticity
theory, thus addressing coupled relaxation from the intrinsic properties of
macromolecules and the interaction between solid and fluid phases [Setton, 1993].
Under the assumptions of linear, homogeneous, and isotropic conditions, these
theories often provided the analytical solutions for simple geometry while the
numerical methods have been used mostly for the more general cases.
The investigation of the molecular-level electromechanical properties of each
component of matrix has enhanced our understanding of the origin of the
macroscopic properties of cartilage. The osmotic swelling pressure of proteoglycan
solution is associated with the surrounding mobile ions whose distributions are
affected by the coupling of the electrostatic forces and the entropic effects. Direct
measurement of the swelling pressure of proteoglycans has shown the dependence
on the fixed charge density and the molar ratio of keratan sulfate and chondroitin
sulfate groups [Comper, 1990; Venn, 1977]. Proteoglycans are attached to
hyaluronate non-covalently and this bond is further stabilized by the globular link
proteins within matrix. Loss of link protein is known to destabilize proteoglycan
aggregate and lead to proteoglycan loss [Ratcliffe, 1986]. Viscosity and shear
modulus of a link-stable proteoglycan aggregate in solution using rheometric device
were found to be bigger than those of a link-free proteoglycan aggregate solution,
emphasizing the stabilizing effect of a link protein in the aggregate [Zhu, 1991].
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These rheological properties were also measured for the solutions containing
collagen fibrils and the mixture of collagen and proteoglycan, and the theoretical
predictions based on the statistical network model showed a reasonable fit to the
experimental measurements [Zhu, 1996]. Diffusion properties of macromolecules
such as aggrecan and aggregate have been measured using a confocal laser scanning
microscope [Gribbon, 1998]; aggrecans were covalently labeled with fluorescein
isothiocyanate and the radial distribution of the fluorescence intensity was analyzed
after laser-induced photobleaching of the macromolecules. This measurement
showed that the formation of aggregate caused a significant reduction in the
diffusion coefficients. Nano scale structural visualization of aggrecan and collagen
fibrils has been made by electron microscopy [Buckwalter, 1994; Holmes, 2000]
and, recently, atomic force microscopy (AFM) has been used to visualize
macromolecules in ambient air or in near physiological fluids [Chen, 2000; Sun,
2000].
Recently, AFM have been used to measure the intermolecular and
intramolecular electrostatic repulsion between GAG chains, and showed the
dependence of repulsive forces on the ionic strength and pH [Seog, 2001]. The
Poisson-Boltzmann (PB) mean field theory has been used to model the physical
phenomena of polyelectrolytes and colloidal systems containing charged
macromolecules within electrolyte solutions [Katchalsky, 1971]. For example, the
osmotic swelling pressure of proteoglycan solutions has been modeled
quantitatively using PB equation [Buschmann, 1995]. GAG segment was modeled
as a cylindrical rod with a surface charge, and the geometry of the unit cell was
determined based on experimental measurements. Furthermore, the GAG unit cell
model was extended to estimate the contribution of GAG electrostatic interactions
to the compressive stiffness of cartilage [Buschmann, 1995]. The entropic portion of
swelling pressure of macromolecules has been described using the lattice model
based on the approach by Flory [Flory, 1953] and the thermodynamic consideration
[Kovach, 1996].
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1.2 Signaling Pathways & Matrix Synthesis
In vivo loading of cartilage has been shown to affect chondrocyte
biosynthesis through multiple pathways including upstream signaling,
transcriptional and translational regulation, post-translational modification, and
facilitating vesicular transport (Figure 1.4).
A variety of extracellular signals trigger initial events upon association with
their respective cell surface receptors and these signals are then transmitted to the
interior of the cell, activating the appropriate cascades. Among numerous pathways
that control transcriptional activities, the MAPKs (mitogen-activated protein
kinases) have been shown to be the major signaling mechanism in eukaryotes
[Seger, 1995]. MAP kinase was originally discovered as an insulin-activated
protein-serine kinase and biochemical studies showed that the MAP kinase pathway
consists of a cascade of three protein kinases, a MAPK kinase kinase (MAPKKK or
MEKK), a MAPK kinase (MAPKK or MEK), and a MAPK [Waskiewicz, 1995].
The MEKK enzymes are Ser/Thr protein kinases that activate the MEK enzymes by
phosphorylating two serine or threonine residues within a Ser-X-X-X-Ser/Thr motif.
Once activated, the MEK enzymes, which are mixed function Ser/Thr/Try protein
kinases, phosphorylate the MAPK enzymes on Thr and Try residues within the Thr-
X-Tyr (TXY) motif. The central component of the MAPK is ERK1/2 (extracellular
signal-regulated protein kinase) and these have dominated efforts to understand
MAPK signaling. Other important kinases are JNK (c-jun amino terminal protein
kinase) and p38, which are activated by stress, ultraviolet light, and inflammatory
cytokines. The central amino acid differs for each MAPK superfamily member,
corresponding to Glu for ERKl/2, Gly for p38, and Pro for JNK. A number of in
vitro studies have been performed using chondrogenic cell lines (e.g., ATDC5
[Watanabe, 2001]) and isolated chondrocytes [Hung, 2000] to elucidate the
involvement of MAPKs in controlling transcriptional activities of aggrecan mRNA.
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Figure 1.4: Multiple regulatory pathways. The pathway of aggrecan and collagen
biosynthesis from gene transcription to secretion and aggregation of monomers
into functional extracellular matrix is complex. Gene transcription and mRNA
processing occurs within the nucleus and the mature mRNA is transported to the
cytoplasm. Translation products are directed into the endoplasmic reticulum (ER)
and, again, post-translationally modified in the Golgi complex. Final products are
packaged into secretory vesicles and released into the extracellular space. In vivo
loading and soluble factors are known to affect these multiple regulatory pathways
influencing chondrocyte biosynthesis.
The pathways of collagen biosynthesis and aggregation of collagen
monomers into functional fibrils is complex. After following common processing to
the vast majority of protein production involving mRNA processing inside nucleus
and translation into the endoplasmic reticulum, extensive post-translation
modifications of triple-helical molecules occurs inside the Golgi complex. These
molecules are packaged into secretory vacuoles that release the procollagen into the
extracellular space by exocytosis. Following secretion the N- and C-propeptides are
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cleaved by specific endopeptidases, a procollagen N-proteinase and C-proteinase.
Cleavage of the C-propeptide is a prerequisite for fibril formation and N-propeptide
cleavage is essential for regular fibril morphology. Cleaved N- and C-propeptides
may have a role in feedback regulation of procollagen biosynthesis. The processed
collagen molecules assemble into fibrils that are stabilized by lysyl oxidase
catalysed cross-links.
The precise biochemical mechanisms of collagen fibril assembly and growth
are not well understood and our current understanding is based on in vitro
experiments. Individual processed fibrillar collagen molecules (e.g., I, II, III, V)
spontaneously self-assemble into ordered fibrillar structures in vitro [Veis, 1988]. A
critical feature of this in vitro fibrillogenesis is that collagens I, II, III, V (possibly
type XI) all share the tendency to aggregate into ordered filamentous assemblages,
which was shown by electron microscopy [Chapman, 1984] and X-ray diffraction
[Brodsky, 1982]. This fibril-forming ability is encoded in the structure of the
collagens, implying that precise interactions between collagen domains are involved
in directing axial organization of the fibrillar aggregates. Both hydrophobic and
electrostatic interactions between adjacent chains have been proposed as the
mechanism [Veis, 1988].
The core protein of the aggrecan has a molecular weight of -200 kDa. About
80 chondroitin sulfate chains are attached to this core protein through covalent
linkage to the hydroxyl groups of serine residues. In addition about 100 keratan
sulfate chains and oligosaccharides are attached to serine or threonine residues of
the core protein through glycosidic bonds. The presence in chondrocytes of an
intracellular core protein precusor was first indicated in experiments using cell-free
translation of isolated mRNA followed by immunoprecipitation with anti-
proteoglycan antibodies [Upholt, 1979]. Subcellular fractionations have shown that
at least 70% of the intracellular transit time for the core protein precusor is spent in
the rough endoplasmic reticulum. The addition of the bulk of the glycosaminoglycan
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chains and subsequent secretion occurs rapidly, occupying 30% of the intracellular
dwell time of the precusor [Fellini, 1984].
Chondrocytes take up the building blocks for GAG synthesis,
monosaccharides and sulfate, through specialized transporter complexes in the
plasma membrane. Sugars and sulfate are then activated by nucleotide consumption
in the cytosol to form UDP-sugars and 3'-phosphoadenosine 5'-phosphosulfate
(PAPS), respectively. Specific transporters then translocate UDP-sugars and PAPS
into the endoplasmic reticulum and Golgi lumens. Glycoproteins and glycolipids are
also often sulfated. PAPS is the universal donor of sulfate to all sulfotransferases,
both in the Golgi and the cytosol. GAG synthesis (except for in keratan sulfate
(KS)) is initiated by sequential addition of four monosaccharides: xylose (Xyl),
galactose (Gal), galactose, and glucuronic acid (GlcA). From this linker
tetrasaccharide, the sugar chains are extended by addition of two alternating
monosaccharides, an aminosugar and GlcA. In heparin and heparan sulfate (HS), the
aminosugar is N-acetylglucosamine (GlcNAc) and in CS/DS it is N-
acetylgalactosamine (GalNAc). The extent of epimerization of GlcA to iduronic
acid and the sulfation pattern of the disaccharide units distinguish heparin from HS,
and DS from CS. In KS, the GAGs are initiated as N-linked or 0-linked
oligosaccharides and extended by addition of GlcNAc and Gal [Prydz and Dalen,
2000]. For the synthesis of chondroitin sulfate (CS), six different
glycosyltransferases participate in the chain synthesis together with
sulfotransferases 4/6: xylosyltransferase, galactosyltransferase I/II, glucuronosyl-
transferase I, N-acetylgalactosaminyltransferase, and glucuronosyltransferase II
[Lohmander, 1986].
1.3 Thesis Overview
This thesis describes the studies on the biological and biophysical aspects of
cartilage in response to tissue shear loading. To simulate in vivo shear deformation
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on cartilage explants, we have developed a shear loading apparatus and tissue
culture chamber and they are described in Chapter II.
The effect of the electrostatic interaction between glycosaminoglycans in
influencing the shear stiffness was studied experimentally and theoretically. On the
experimental side, the shear modulus of cartilage was measured in a torsional
configuration with varying ionic concentration. A molecular model of GAG
electrostatic interaction was developed to propose the mechanism by which GAG
contributes to shear modulus. From this model, the shear modulus was calculated by
solving the Poisson-Boltzmann equation numerically using the finite element
method (FEM) and it was compared with the experimental measurements. This
biophysical aspect of cartilage is described in Chapter III.
Chapter IV-VI present the biological aspect of cartilage, especially focused
on the effect of tissue shear (1) on chondrocyte matrix synthesis measured by
radiolabel incorporation and tissue-level autoradiography (Chapter IV), (2) on the
regulation of phosphorylated ERK1/2 and mRNA levels of aggrecan core and type II
collagen in addition to the cell-level autoradiography (Chapter V), and (3) on the
facilitated transport of Insulin-like Growth factor I (IGF-I) and the combined effects
of tissue shear and IGF-I on chondrocyte biosynthesis (Chapter VI).
Appendix A presents the effect of injurious compression on the changes in
the mechanical and biochemical properties, and the responsiveness of chondrocyte
to dynamic compression. Recently, self-assembling peptides gel was developed as a
potential scaffold for cartilage tissue engineering and a system for exploring the
biosynthetic response of chondrocyte under mechanical stimulation. Appendix B
presents the study on the chondrocyte-scaffold system based on agarose and self-
assembling peptides, exploring the effects of long-term loading over 3-12 days
using various duty cycles of dynamic compressive loading. Appendix C, at the end
of this thesis, describes the detailed protocols for Western blot and RT-PCR
technique.
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Chapter II
Hardware Design
In vitro systems have been developed to mimic in vivo loading on cartilage
ex vivo. Our aims were to develop a tissue loading apparatus capable of applying
compressive and shear deformation to cartilage explants simulating physiological
loading in its dynamic and static nature. In addition to the loading machine, various
tissue loading-and-culture chambers were designed to adapt to different conditions
of loading including dynamic- and static-shear/compression for stimulating cartilage
explants, dynamic- and static-compression for stimulating chondrocyte-scaffold
system, and the testing of material properties.
2.1 Tissue Loading Apparatus2
We have developed an incubator housed, biaxial loading device capable of
applying axial deformations as small as 1 gm and sinusoidal rotations as small as
0.001 degree with a resolution of 50 nm for applying sinewaves as low as 10 jim (or
1% based on a 1 mm thickness of sample) or up to greater than 100 Rm. The range
of the ramping mode at axial and rotational deformation is up to 1mm. The machine
is small enough (35.5 cm high x 25cm x 20cm) to be placed in a standard incubator
for long-term tissue culture loading studies. A rigid frame was constructed
consisting of two 0.95 cm thick stainless steel plates bolted to three 2.54 cm
diameter stainless steel rods (Figure 2.1: Loading Machine). A third stainless steel
plate was clamped to the support rods to allow repositioning for different
experimental shear or compression chambers. A linear stepper motor (23A-6102A,
2 Adapted from "Regulation of Cartilage Metabolism by Dynamic Tissue Shear Strain and
the Mechanical Characterization of Cartilage", SM Thesis [Jin, 1999] and "A versatile shear and
compression apparatus for mechanical stimulation of tissue culture explants", Journal of
Biomechanics [Frank, 2000].
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American Precision, Buffalo, NY) mounted to the top plate has a threaded rotor that
engages a threaded rod. The threaded rod in turn is attached to a carriage plate and
pair of linear bearings that ride on two of the support rods.
The axial motor is capable of applying compressive ramps at rates up to 2
mm/s with an applied force up to 400 N. The rotational fixture consists of a rotary
position table (6R180, Design Components, Franklin, MA) with a 180:1 gear
reduction ratio driven by a conventional stepper motor (23D-6102, American
Precision). A block placed at the outer edge of the rotating table contacts an LVDT
to measure angular displacement. Each motor is driven by a micro-stepper drive
(IM483, Intelligent Motion Systems, Marlborough, CT). The drives are optically
isolated and each has their own power supply separate from the analog and digital
electronics power supply. The micro-stepper drives, combined with the motors and
gearing, provide a theoretical axial resolution of 50 nm and rotational resolution of
0.00010. Both axial and angular displacements are measured by linear variable
differential transformers (LVDT, Model S5, Sensotec, Columbus, OH). Various load
transducers (10 N, 100 N, and 500 N capacities, Model 31, Sensotec) can be
attached to the carriage for various experimental conditions. A torque transducer (5
N-m capacity, Transducer Techniques, Temecula, CA, or 0.2 N-m capacity, QWLC-
8M, Sensotec) in line with the load cell and attached to the chamber top is used to
measure shear stress in the samples. Rotational control is integrated with axial
control so that shear tests may be intermixed with compression tests in the same
experimental procedure.
The control electronics, including the transducer signal conditioners for the
LVDT's, load cells, and torque cells as well as the limit, feedback, and digital
switching circuits were mounted on two prototype circuit boards with copper
cladding acting as a ground plane. A digitally-controlled analog switch allows any
one of the axial displacement, angular displacement, axial load, or torque signals to
be used for closed-loop feedback control.
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Figure 2.1: Tissue loading apparatus. A [earlier version]. Axial movement is
actuated by the stepper motor which drives the carriage connecting load cell, torque
cell, and the top chamber. Rotational motion is enabled by the combination of the
stepper motor and the rotary table. Dynamic shear deformation (simple shear) can
be applied to cartilage tissue by cyclically rotating the rotary table and, accordinaly,
the bottom chamber with respect to the top. These axial and rotational deformations
are measured by the transducers (LVDT). B [recent version]. The static control
chamber is shown next to the machine.
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A computer-based data acquisition system (National Instruments, Austin,
TX) provides all control and monitoring of the apparatus. The data acquisition and
control subsystem consisted of a multi-function I/O card (National Instruments AT-
MIO-16DL-9), which provides high-speed analog-to-digital conversion (ADC) and
digital I/O, and a 10-channel digital-to-analog converter (DAC) board (National
Instruments AT-AO-10). The DAC channels provide signal offsets as well as ramp
and sinewave control signals. In displacement feedback control, sinusoid waveform
distortion is < 1% for a 10 gm amplitude sinewave, comparable to that of our
Dynastat mechanical spectrometer (Dynastatics, Albany, NY) (-0.3 %), which we
have used in our previous studies on cartilage metabolic response to dynamic
compression [Sah, 1989].
2.2 Tissue Loading Chambers
We have designed various chambers for experiments involving cartilage
explant and chondrocyte-scaffold system. Most of chambers were made from
autoclavable polysulfone except the material testing chamber that was plexiglas.
Earlier version of shear chambers has 12 platens-and-wells that are located at equal
distance (25.4 cm) from the center axis of rotation (Figure 2.2A). Each well can
contain up to -650 gl of conditioned media and at the bottom of each well another
small well (5 mm diameter by 0.2 mm thick) is made to hold cartilage specimens in
place. To study shear strain-dose effect on chondrocyte biosynthesis, the recent
version of shear chamber was made which can distribute cartilage specimens at
three different distances from the center having a ratio of 1:2:3. The inner, middle,
and outer wells of the chamber can accommodate 6, 12, and 20 specimens,
respectively (Figure 2.2B).
For the measurements of shear modulus in the torsional configuration, a
chamber was designed which can hold single cartilage disks at the center of the
bottom half. An aluminum platen is attached to the top chamber and fine grit sand
paper is glued to the end of the platen to prevent slipping between specimen and
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chambers (Figure 2.2C). The new design of the static control chamber was adapted
from the previous design and the new design allows up to 80% of axial compression
on 1mm thick specimens (Figure 2.2D).
To study the effect of long-term stimulation on the chondrocyte-scaffold
system including agarose and peptide gel, a chamber was specially designed whose
upper half is attached with highly permeable (40% void, 120 gm pore size)
polyethylene, with a coil spring inserted into the center hole (Figure 2.2E). The
polyethylene material was selected to facilitate the transport of soluble factors to
specimens during long-term stimulation. The center spring provides extra force to
raise the top half since the agarose or the peptide gel may not be stiff enough to
support the weight of the top chamber. The bottom chamber has 6 wells and each
well can contain up to 12 mm diameter disks. To stimulate the chondrocyte-scaffold
system with non-homogeneous thickness (e.g., collagen scaffold), the conventional
shear chamber was modified so that each platen is located on to the surface of the
each specimen by loosening the screw (Figure 2.2F).
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Figure 2.2: Various chambers. Shown here are shear chamber (A), chamber for
shear strain-dose experiment (B), material testing chamber (C), static control
chamber (D), and chondrocyte-scaffold stimulating chambers (E & F).
32
Chapter III
Effect of Electrostatic Interactions between Glycosaminoglycans on
the Shear Stiffness of Cartilage3
Glycosaminoglycans (GAGs) are polymers of disaccharides that contain
alternating sequences of glucuronic acid (GlcA) and either N-acetylglucosamine
(GlcNAc) or N-acetylgalactosamine (GalNAc). The family of GAG molecules,
including hyaluronic acid (HA), chondroitin sulfate (CS), keratan sulfate (KS), and
heparan sulfate (HS) [Wight, 1991], plays an important role in the mechanical and
transport properties of extracellular matrix (e.g., CS, HA) [Grodzinsky, 2000] and in
cell surface ligand binding interactions (e.g., HS) [Lander, 2000]. For example,
chondroitin sulfate GAG (CS-GAG) contains on the average one negatively charged
carboxylate and sulfate group per disaccharide that is completely ionized under
physiological pH conditions. Therefore the high negative charge density and
associated electrical repulsion between CS-GAGs play an important role in
electromechanical and physicochemical interaction within biological tissues such as
cartilage.
The role of electrical repulsive interactions is particularly critical in articular
cartilage, a tissue that covers the ends of bones in synovial joints, providing
compressive and shear stiffness during the relative motion of opposing joint
surfaces. The compressive resistance of cartilage is mainly due to highly charged
CS-GAGs (Figure 3.1C) that are attached to a core protein, forming the
proteoglycan called aggrecan (Figure 3.1B). Aggrecan molecules, in turn, bind non-
covalently to long hyaluronic acid (HA) chains forming supramolecular
proteoglycan aggregates (Figure 3.lA) that are enmeshed within a resilient collagen
network. At physiologic pH, the properties of the collagen fibrils do not change
3 Adapted from " Effect of electrostatic interactions between glycosaminoglycans on the
shear stiffness of cartilage: a molecular model and experiments", Macromolecules [Jin, 2001].
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significantly with ionic strength in the range of 0.01-1.0 M [Ripamonti, 1980;
Bowes, 1948]. Therefore, the mechanical properties of cartilage can be modeled in
terms of two distinct electrical and non-electrical contributions. Electrical
contributions to the mechanical properties of cartilage are mainly associated with
the electrostatic repulsive forces between CS-GAGs. In contrast, non-electrical
contributions to cartilage properties are associated with the resilience of the
electrically neutral collagen fibrils as well as the elastic forces due to the steric and
entropic effects induced by volumetric deformation of GAG and other matrix
macromolecules.
Often the definition of free energy provides a way to derive macroscopic
constitutive material properties such as compressive and shear moduli [Anand,
1996]. Intermolecular interactions and intramolecular conformational changes have
been explained by using the free energy function [Honig, 1993]. In cartilage, the
electrostatic free energy is mainly associated with the charged GAG constituents,
and depends on the chemical environment (e.g., the pH and ionic concentration),
temperature, and mechanical deformation, which can modulate the fixed charge
density. However, the non-electrical free energy depends on mechanical
deformation, volume change, and temperature, and not on the chemical environment
such as ionic concentration and small pH changes around 7.0.
The Poisson-Boltzmann (PB) mean field theory has been used to model
electrical properties of polyelectrolytes and colloidal systems containing charged
macromolecules within electrolyte solutions. For example, the osmotic swelling
pressure of proteoglycan solutions [Comper, 1978] has been modeled quantitatively
using PB equation. The GAG constituent has been modeled as a cylindrical rod with
a surface charge, and the geometry of the surrounding unit cell structure was based
on experimental measurements [Buschmann, 1995]. Furthermore, the GAG unit cell
model was extended to estimate the contribution of GAG electrostatic interactions
to the compressive stiffness of cartilage [Buschmann, 1995].
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Figure 3.1: Structure of PG-aggregate, PG, and GAG: The cartilage supramolecular
proteoglycan aggregate (A) consists of proteoglycan monomers called aggrecan (B)
which are non-covalently attached to hyaluronic acid (HA) molecules. Aggrecan, in
turn, consists of glycosaminoglycan chains covalently attached to a core protein (B).
The chondroitin sulfate GAG chains (C) of aggrecan are mainly responsible for the
compressive stiffness of cartilage through electrical repulsion interactions. On the
average, CS-GAG disaccharides have one carboxylate and sulfate group which are
negatively charged at physiologic pH. Figures A and B are adapted from literature
[Buckwalter, 1994; Hardingham, 1990].
In this study, we focused on the contribution of GAG electrostatic interaction
in determining the shear stiffness of a material like cartilage. The role of GAGs in
the shear properties of articular cartilage has been previously described as inflating
the collagen network, causing a tensile prestress that enables the collagen-aggrecan
matrix to resist shear deformation [Lai, 1991; Zhu, 1993; Basser, 1998]. Previous
studies showed that cartilage shear modulus changed significantly after extraction of
aggrecan [Zhu, 1993], and that increased ionic strength could decrease the shear
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modulus inferred from the measurement of compressive modulus at confined
compression tests [Bursac, 2000]. However, there has been little theoretical or
experimental study of the possible mechanisms by which GAG electrostatic
interactions may contribute directly to the tissue shear stiffness, and the importance
of this contribution compared to that of other non-electrical interactions.
In this study, we first performed experiments to measure the equilibrium and
dynamic shear stiffness of cartilage under torsional shear deformation at varying
bath ionic concentrations. Experimental results showed a significant change in the
measured shear modulus with changes in ionic strength between 0.01 and 1.0 M. We
hypothesized that any dependence of the shear modulus with ionic strength comes
from the GAG-associated electrical component of cartilage. However, using a
macroscopic model of a polyelectrolyte system such as the Donnan model, the
electrostatic free energy should be constant under torsional shear, since this
deformation does not induce any volume change and therefore no change in fixed
charge density. Therefore, in the present study, we hypothesized that (1) GAG
molecules were embedded into the collagen, (2) the repulsive forces between GAGs
were maintained by the collagen network, and (3) the rearrangement of GAG
molecules at a microscopic scale up on the macroscopic deformation could provide
increased resistance to shear deformation and increased shear stiffness with
decreasing salt concentration. Using a PB unit cell model of GAG electrostatic
interactions under shear deformation, we calculated the change in the electrical
contribution to the equilibrium shear modulus at each ionic concentration. To
account for the nonlinearity of the PB equation and the geometry of the model, we
used the finite element method to solve the electrical potential and mobile ion
distribution. From this calculation, the electrical contribution to shear stress was
obtained by differentiating the electrostatic free energy with respect to the shear
deformation. Finally, the electrical contribution to the equilibrium shear stiffness
was calculated from the slope of stress vs. strain, and the resulting shear stiffness
was compared to the experimental measurements.
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3.1 Materials and Methods
3.1.1 Experimental Section
Cartilage disks (9.65 mm diameter by 1 mm thick) were obtained under
sterile condition from the femoropatellar groove of 1-2 week old bovine calves as
previously described [Frank, 2000] and maintained in living organ culture for 1-3
days until testing (DMEM + 10 % fetal bovine serum). Prior to measurement,
cartilage disks were equilibrated in 0.15 M NaCl solution up to 30 minutes. The
disks were then placed in the base of a plexiglas chamber filled with a 0.15 M NaCl
bathing solution. The base chamber was placed in the bottom grip of a specially
designed biaxial rheometer capable of applying axial deformations as small as 1 gm
and sinusoidal rotations as small as 0.0010 [Frank, 2000]. An upper aluminum
platen fixed to a torque cell (Figure 3.2) was used to apply a 10% compressive
offset strain to the specimen. After mechanical and chemical equilibration was
achieved in this state (-15 minutes), torsional deformation was applied by rotating
the bottom chamber with respect to the top platen, and the resulting torque was
measured by the torque cell. From the measured torque and applied torsional
deformation, the shear strain, y, and shear stress, r, were calculated as y = 0 r / h; r
(r) = T r /I, where & is the angular deformation, r is the radial distance, and h is the
height of the disk, T is the measured torque, and I is the polar moment of inertia (I =
ic R4 /2, R is the radius of the disk). Fine grit sand paper glued to the base and upper
platen were used to prevent slippage between the specimen and these platens. For
measurement of the equilibrium modulus, a ramp-and-hold shear strain of 1.5 % was
applied, resulting in an initial increase and subsequent relaxation of the shear stress
(Figure 3.3A). This sequence was repeated four times, and the slope of the relaxed
equilibrium stress and strain was used to compute the equilibrium modulus. After
returning the specimen to 0 % shear strain, a 0.8 % amplitude sinusoidal shear strain
was applied at 0.5 Hz (Figure 3.3B). The magnitude of the dynamic shear modulus
was calculated as G = 1z| / I1. The shear stress and strain signals were continuously
recorded by a computer, and a discrete Fourier transform (DFT) was implemented to
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calculate the amplitudes of the fundamental and higher order harmonics, and the
total harmonic distortion (THD, defined as the ratio of the square root of the
summed squares of the higher order harmonic amplitudes to the amplitude of the
fundamental). The THD was typically <; 2 %, and the phase angle between the
stress and strain fundamentals was also calculated. This sequence of equilibrium and
dynamic shear tests at 0.15 M NaCl was then repeated sequentially after re-
equilibration in 0.05 M, 0.01 M, 0.5 M, and 1.0 M NaCl, and corresponding moduli
were calculated at each concentration.
Compression
Load Cell
aCI bath Torque Cell
Platen
-' 0 .: '-. Cartilage . : 0 0 0
Base
Figure 3.2: Schematic view of the loading apparatus: Cartilage disks (9.65mm
diameter by lmmthickness) were placed in the center of the plexiglas base chamber
filled with NaCl solution at room temperature. An upper aluminum platen attached
to a torque cell was used to apply a 10 % compressive offset strain to the specimen.
Fine grit sand paper glued to the base and upper platen made contact with top and
bottom cartilage surfaces to prevent slippage between the specimen and apparatus.
Equilibrium and dynamic shear modulus were measured at NaCl bath concentrations
varied sequentially from 0.15 M, 0.05 M, 0.01 M, 0.5 M to 1.0 M NaCl.
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Figure 3.3: Measurement of equilibrium and dynamic shear stress. A. Transient
stress-strain tests were used to measure the equilibrium shear modulus. Shear strain
was applied as a ramp-and-hold to each final strain increment of 1.5 %, causing an
initial increase and subsequent relaxation of shear stress by approximately 10
minutes after application of strain. Initial 10 seconds of stress and strain data from
the first transient are expanded to show the detail. The relaxed stress versus strain
values were used to compute the equilibrium shear modulus. B. Dynamic shear
stiffness was assessed by applying a dynamic shear strain of 0.8 % amplitude at
0.5 Hz (0 % offset shear strain). A discrete Fourier transform (DFT) was performed
to calculate the amplitude and phase of the dynamic stress and strain fundamentals
and higher order harmonics. Additionally, the total harmonic distortion (THD) was
calculated to monitor any distortion in the input (strain) and the response (stress).
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3.1.2 Theory
Unit cell model: The cylindrical unit cell model of a linear polyelectrolyte
surrounded by aqueous electrolyte has been widely used to characterize
intermolecular interaction, incorporating the Poisson-Boltzmann equation to
calculate the electrical potential and mobile ion distributions [Buschmann, 1995;
Katchalsky, 1971; Einevoll, 1988] within the unit cell. At a microscopic scale, GAG
molecules in cartilage are randomly oriented so that the contribution of electrostatic
interactions to the tissue's macroscopic properties can be approximated to be
isotropic (often called statistically isotropic [Crandall, 1978]) and homogeneous.
Moreover, the GAG molecule can be modeled as locally rigid even though its global
structure is flexible [de Gennes, 1978]. Therefore, the average interaction between
neighboring GAG segments was modeled using the PB unit cell, and the GAG
segment was approximated as a cylindrical rod having a known surface charge
density (Figure 4.4A). The intercharge distance (b) and the radius (a) of CS-GAG
have been reported previously from experimental and structural studies [Comper,
1978; Preston, 1972; Ogsten, 1973] to be b=0.64 and a=0.55 nm, respectively. The
unit cell radius, R, is a function of GAG concentration within the tissue:
RA( CS )1/2R =( ) ,(1)
2;TbNC GAG
where N (Avogadro's number) = 6.02X10 2 3/mol, M, = 458 g/mol is the
molecular weight of an ionized CS-GAG disaccharide, and CGAG is the GAG
concentration in g/m 3 . An isotropic compressive deformation, for example, will
decrease the unit cell radius (R) by increasing CGAG according to Equation 1.
The effect of torsional shear strain on the unit cell geometry can be
approximated to deform the circular cross-section to that of an ellipsoid (Figure
3.4B). For a linear, homogeneous, isotropic material, the shear stiffness of a
cylindrical specimen under torsional strain is equal to that of each infinitesimally
thin-walled hollow cylinder (The measurement of compressive properties of
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cartilage has shown linearity between stress and strain under small deformation
[Eisenberg, 1985]. This linearity was also observed in our measurement of shear
stress vs. strain for up to 6 % strain.). The imaginary rectangular element within a
thin-walled hollow cylinder (plane stress element) will be subjected to pure shear
strain, as pictured in Figure 3.4B(I). The element will be subjected to pure shear
strain, as pictured in Figure 4.4B(I), which results in a conformational change of the
circular boundary of the unit cell (r=R) into ellipsoidal one (depending on the
orientation of GAG molecules with respect to the plane element), while the circular
shape of the GAG surface (r=a) maintains its circular geometry (Figure 3.4B(IV)).
For example, the unit cell boundary will experience the maximum of either stretch
or compaction when its axis lies along the directions of the principal directions of
tension/compression. In the present study, we assumed that the probabilistic average
of the free energy associated with the conformational change of the randomly
oriented unit cell could be obtained from the case where the axis is perpendicular to
the plane stress element (refer to the Appendix C: The change in free energy was
also calculated using detailed probabilistic averaging over all GAG orientations
using the method of Quinn [Quinn, 2001; Quinn, Ph.D. Thesis, MIT, 1996]. The
result using this further refined method gave CGAG = 54.3 mg/ml (which is even
closer to the measured GAG concentration) and Gne = 161 kPa (which is within 10%
of the present model).). The shear modulus of the plane stress element subjected to
pure shear strain will be identical to that of the cylindrical material under torsional
strain [Crandall, 1978], which allows us to compare the measured shear modulus of
the cylindrical specimen to the calculated modulus of the plane stress element. For
example, the plane stress element within a hollow cylinder will be subjected to the
normal strain ±,y/2 along the principal directions of normal stress when the
cylindrical specimen is under torsional strain, y (Figure 3.4B(II)) [Crandall, 1978].
For a linear material under small deformation, the stretch ratio, k, can be
defined in terms of the torsional shear strain y as,
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(2)
2
and the reciprocal of the stretch ratio, 2,, represents the compaction ratio.
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Figure 3.4: Unit cell model and effect of macroscopic shear on the unit cell. A. CS-
GAG segment was modeled as a charged rod, and its radius (a) and the intercharge
distance (b) were set to be 0.55 and 0.64 nm, respectively. The unit cell radius, R, is
determined from GAG concentration within the tissue. B. The effect of the torsional
shear deformation (I) on the unit cell within cylindrical tissue is averaged to that of
pure shear deformation (II) on the unit cell within plane stress element, deforming
the circular cross-section of the unit cell boundary (III) into an ellipsoid (IV).
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The deformed unit cell radius becomes R A along the direction of maximum tension
and R 1-1 along the direction of maximum compression. Our objective is to compute
the changes in electrical potential and mobile ion distribution within the deformed
unit cell of Figure 3.4B(IV) using the Poisson-Boltzmann theory, and to calculate
the electrical contribution to the shear modulus from the change in the electrostatic
free energy with respect to shear strain.
Poisson-Boltzmann (PB) equation: The PB equation is based on the Poisson's
equation of electrostatics:
V-[E,(r)V((r)]+ p(r)=0 ,(3)
equation describing the distribution of mobile ions in a dilute electrolyte solution
containing only the monovalent ions Na' and Cl-:
C,(r) = Co exp( FR(r), (4)
R T
where Co is the concentration of Na' and Cl- ions in bath solution where 4=O, F is
the Faraday constant, R is the gas constant, (D(r) is the electrical potential, p(r) is
the charge density, E, is the dielectric permittivity of the solvent, r is the position
vector, and activity coefficients are assumed to be unity. The charge density, p, is
the sum of the fixed charge pf of the macromolecules and the mobile ions
em (r)= F(C,(r) - C_(r)). Insertion of Equation 4 into Equation 3 gives the form of
the Poisson-Boltzmann equation:
- p -(p + p,) 2FC F(D(r) __V2pF(r) sinh( ) , (5)
EW EW EI R T E,
where Ew is assumed to be spatially invariant. In our model, GAG fixed charge is
represented by a surface charge density at r = a. Therefore, we replace the fixed
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charge density, pf, with a surface charge density, (, (Figure 3.5) and the PB
equation (Equation 5) then takes the form in the fluid phase Qm,
2FC0  FG(r)V2@(r) sinh( ), (6)
E RT
Fm
A B
Figure 3.5: The PB unit cell and boundary conditions. A. GAG surface (dotted
circle) and a unit cell boundary (solid circle). GAG fixed charges are confined
within the dotted circle, and mobile ions are confined between the dotted and the
solid circles. The PB equation can be represented over the domain (Q) as
EiV 2.tF=-p 1 - p, and the boundary condition at Fm is VD -n=0, where n is the
outward unit vector normal to surface. B. The volume fixed charge density within
dotted circle of (A) is replaced by a surface charge density at the GAG surface, Ff.
The PB equation within domain, Qm, can now be expressed as, E V2D=-p,,, and
the boundary condition at Fm is EVD -n = -0.
We use the notation Fm to indicate the outer boundary of the unit cell in the
undeformed and deformed state. Henceforth the PB equation will be considered only
in the fluid region, with boundary conditions need
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ed at r=a (Ff in Figure 3.5) and at Im.
Force equilibrium: In equilibrium, the momentum balance within the fluid
phase can be written as [Sanfeld, 1967],
0=m ,.E-VP , (7)
where E is the electric field intensity and P, is the osmotic swelling pressure defined
as,
FCD(r)
p, = R T C(r) = R T(C+(r)+ C (r))=2R TCO cosh( ) .R T
The ith component of the Equation 7 can then be written as ( = V -(cE)):
( axi )E,
~3x
a__ - a(1 
_-61 p) = 0,
xi ax1
(8)
(9)
where the Maxwell stress tensor term, Ti e, is defined as [Melcher, 1981],
Ti= EEE,  E E .2 U i (10)
Under isotropic compression of the tissue, the components of the electrical field
become zero along the unit cell boundary due to the symmetry, leading to Tif =0 at
Fm. Therefore, at this boundary, the osmotic swelling pressure, P,(R), is the only
force balancing the applied external stress. However, the unit cell boundary
becomes ellipsoidal in response to a pure shear deformation, inducing a non-zero
electric field and a non-zero Maxwell stress tensor component at this boundary.
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Therefore, we used the energy method to compute the contribution of electrostatic
forces to the material shear stress and the shear modulus.
Derivation of electrostatic free energy: The change in the shear modulus
with ionic concentration is presumed to be due to the electrical interactions only, so
the non-electrical contribution to the shear modulus, G,,e, is assumed to be constant
at all ionic concentrations. The electrostatic free energy, g, of the system of
Figure 4B is defined as [Sharp, 1990]:
g = facIF - (AH + )dQ (11)
= o d]F - [2R TCO (cosh( ) -1)+ w (VD) 2]dj2, (12)
fVRf 2
where D is the electric displacement current density and H is the osmotic pressure.
In Equation 11, the first term represents the electrostatic free energy associated with
charged GAG surface, the second term corresponds to the osmotic swelling pressure
of the unit cell with respect to the reference bath, and the last term represents the
electrical stored energy of the fluid phase. We note that Equation 11 can also be
recast into a form including electrostatic, entropic, and osmotic terms, which is
sometimes used as a starting point in this derivation:
rE-D
g = ( 2+ TAS - AH)dQ, (13)
where AS is the entropy change. Using the electrostatic free energy, the electrical
contribution to the shear stress, re, induced by the shear deformation can be
calculated as,
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dg*
Ze - g*9(14)
dy
where y and g* represent shear strain and the electrostatic free energy per unit
volume, respectively.
Implementation of the finite element method (FEM) for the PB equation: An
analytical solution of the nonlinear PB equation can only be obtained for the cases
of a one dimensional geometry, or a cylindrical geometry in which the fluid contains
only counter-ions [Katchalsky, 1971]. The analytical solution of Equation 5 for our
case of an ellipsoidal domain does not exist, and therefore the finite element method
was used in this study.
The integral formulation of the PB equation is
D(V 2D - f (D))d2 = 0, (16)
2FC. FG
where f((D) = sinh( ) and (D is virtual electrical potential. The appropriate
e, RT
boundary conditions for the integral formulation are
Ff :Vcl- n= F : VWn=0
'" , (17)
Ff , =F, FfrhFm =0
where n is the outward unit vector normal to surface, Fm and Ff. The variational
form of Equation 16 can be obtained by applying the Green's theorem,
f n -V'2dr1 - f(ViDVW +-f( ITD))dQm = 0. (18)
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P(r,s), is assumed for the potential and the space
(isoparametric FEM), which is defined in a curvilinear coordinate (r,s),
(D =[P]{ i}, i =[P]{>} /
X =[PI{X}, Y=[P]{Y}
where ( A ) represents the nodal value. For a linear 4-node rectangular element,
P(r,s) becomes,
1P(r, s) -[(1+ r)(l + s) (1
4
- r)(I+ s) (l- r)(l- s) (1+ r)(1+ s)]
Equation 18 becomes the matrix equation for all the nodal values, 1, as unknown
variables, 29
[A] [CD] + [B(i)] + [C] = [0], (21)
where
A,, = I I- (pP
ax X
SP SP.
+ 'i ')det Jdrds,
aY aY
B = f_ P f ((D)det Jdrds,
C =J Adr +J Pi A2ds+ P A 3dr+Jf, P A4ds,
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(20)
Same shape function,
I Y)
A =[( 'X) 2
A 9 =[(~ ' X) 2
j=1 ar
" BP
rnia
A 3 =[( 'X) 2
j=r a
+ (1:' Y1 )2 ] 2 along s = -1j= r
" i p
±=1 OS along r = 1
+( ' Y,)2 ]2 along s =I
j=1 ar
A4 =[ RI X,
i=I as
along r = -1
m is the number of nodes of each element, and J is a Jacobian matrix, a(X,Y)
a(r,s)
Due to the nonlinearity, Equation 21 is solved through an iterative scheme.
Let a nonlinear operator F be defined as
[F(i)] = [A] [(] + [B(iD)] + [C], (22)
then the differential of F is expressed as
[AF(5)] = [A] + [AB(C)]. (23)
Using Newton's method for the iteration scheme,
[AF(CI)], x[A")] n1 = -[F(C)] , (24)
and the potential is updated as,
[(]4 = [(D]n +[A(D],, (25)
where subscript n means nth iteration. The stopping criteria for the iteration was
when the change in 1 was less than 0.1 % for every nodal value. Due to symmetry,
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i=I as
one quadrant of the unit cell was digitized as20x2O elements (within box in
Figure 3.7).
3.2 RESULTS
3.2.1 Experiment
After each application of a ramp-and-hold shear strain to final value of 1.5
%, the resulting shear stress showed an instantaneous peak stress followed by a
stress relaxation behavior (Figure 3.3A). The equilibrium shear stress recorded after
10-30 min of relaxation increased linearly with applied shear strain at all ionic
concentrations (Figure 3.6A). At each shear strain, the equilibrium shear stress
increased monotonically as the ionic concentration decreased. The equilibrium shear
modulus, computed by the linear regression from the stress-strain curves, decreased
monotonically with increasing NaCl concentration (Figure 3.6B). The dynamic
shear modulus measured at 0.8 % strain and 0.5 Hz at each ionic concentration also
decreased with increasing NaCl concentration in a similar manner (Figure 3.6B).
The phase angle between the dynamic shear stress and the shear strain decreased
monotonically from 18 to 10 degrees with decreasing NaCl concentration.
3.2.2 FEM Implementation
The PB equation was solved over one quadrant of a unit cell using 20x20
linear elements having a finer mesh near the cylindrical surface (Figure 3.7). The
normalized electrical potential (F(D/R T) was obtained by solving the PB equation,
using parameters values for GAG radius r=0.55 nm and the intercharge distance
b=0.64 nm from the literature [Buschmann, 1995], and a physiological GAG
concentration of 6.6 % by wet weight (CGAG= 6 % at 0 % compression) [Sah, 1989].
The theoretical calculation of Figure 3.7 corresponds to a 6 % applied torsional
shear deformation reflected on the unit cell at 0.15 M ionic concentration. The
electrical potential varied between -51.2 mV to -15.6 mV, lower near the surface of
the GAG chain, and increased quickly away from the surface. The range of the
electrical potential shifted to more negative values at lower ionic concentration: -
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116.2 to -78.8 at 0.01 M, -76.0 to -38.9 at 0.05 M, -32.0 to -2.8 at 0.5 M, -24.5 to -
0.6 mV at 1.0 M. At all ionic concentrations, the potential was more negative near
the compressed region along the GAG surface (Figure 3.7, position b) and the outer
boundary of the unit cell (Figure 3.7, position a). We note that isotropic
compressive deformation of cartilage uniformly decreases the outer radius,
maintaining a circular shape. Such isotropic compression would therefore not induce
any gradient in electrical potential along the GAG and unit cell boundary due to
symmetry. In contrast, shear deformation does induce a gradient in potential along
the GAG surface from 'c' to 'd' and the outer boundary from 'd' to 'a'. This is why,
in the case of isotropic compression, the swelling pressure at the unit cell boundary
is the only force which opposes the applied compression, while there is no
corresponding simple relation for the case of shear deformation. Mobile ion
distributions in the electrolyte phase were calculated using Equation 4 and the
computed electrical potential of Figure 3.7. At 0.15 M bath ionic concentration, the
counter-ion (Na+) concentration increased above 1.0 M near the GAG surface and
the coion (Cf) concentration decreased below 0.08 M (Figure 3.8).
3.2.3 Calculation of Shear Modulus at Different Ionic Concentrations
Shear stress (Te) vs. shear strain at different ionic concentrations was
calculated from Equation 14 (Figure 3.9A). The calculated shear stress was linearly
proportional to the shear deformation, similar to the experimental results. At lower
ionic concentrations, the increase in the slope saturated more quickly than that in the
measurement. At 1.0 M ionic concentration, the calculated equilibrium shear stress
changed by only a small amount during 6 % shear deformation. The shear modulus
of cartilage tissue (Gotai) can be assumed to be from two parts; the electrical
contribution to the shear modulus, Ge, and the ionic strength-independent or non-
electrical contribution to the shear modulus, Gne,
Gtotal = Ge + Gne. (15)
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Figure 3.9B shows the comparison of the measured shear modulus (G'oai) to
the calculated electrical contribution to the shear modulus (Ge), using two fitting
parameters: the GAG concentration (CGAG) and ionic strength-independent shear
modulus (Gne).Using the algorithm referred to as Broyden-Fletcher-Goldfarb-
Shanno(BFGS) [Press, 1986], a variant of conjugate gradient methods, the fitting
parameters were determined as CGAG = 67.7 mg/ml ± 4.9 and Ge = 150.2 kPa
± 24 with a 68.3 % (+/- 1 standard deviation) confidence level, where the chi-
square function (defined as the squared sum of the difference between data and
prediction divided by the variances of data) was minimized. To test the goodness-
of-fit of the model to the data, we calculated the probability Q that a value of chi-
square would be larger than the minimized value by chance due to the variability of
the measurement; Q is given by the incomplete gamma function [Press, 1986],
N-2 x2Q = -( , ), where N is the number of data points. With the minimized chi-2 2
square value, Q was calculated as 0.76; if Q is larger than 0.1, then the goodness-of-
fit is said to be believable [Press, 1986].
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Figure 3.6: The equilibrium and dynamic shear modulus and phase angle with
varying ionic concentrations. A. The equilibrium shear stress increased linearly with
the applied shear strain. At each strain, the equilibrium shear stress increased
monotonically as the ionic concentration decreased. B. The variation of dynamic
shear modulus with ionic concentration was similar to that of equilibrium shear
modulus, suggesting the important role of GAG electrostatic interactions in the
dynamic properties as well as the equilibrium properties of cartilage in shear. C.
The phase angle between the dynamic shear stress and the applied strain decreased
with decreasing ionic concentrations.
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Figure 3.7: Mesh generation (left half) and the computed electrical potential (right
half), F(D/RT, from finite element analyses are shown. The initial conditions were
Co = 0.15 M, y= 6 %, and CGAG= 6.6 %, the latter corresponding to CGAG= 6 %
at 0 % compression. 400 (20 by 20) elements were generated in one quadrant of the
unit cell (within a box) and finer meshes were allocated near the GAG surface.
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Figure 3.9: Computed equilibrium shear stress, and shear modulus optimized with
CGAG and Gn, as fitting parameters. A. Electrical contribution to the equilibrium
shear stress (te) was calculated from eql4. The following parameter values were
used for this calculation: a = 0.55 nm, b = 0.64 nm, CGAG = 6.6 %, and CO = 0.15
M. B. Data represent the measured shear modulus, determined from the stress vs.
strain slopes of Figure 6A, as shown in Figure 6B. The electrical contribution to
shear modulus (Ge) was computed with two fitting parameters, CGAG and Gne.
CGAG and Gne were determined to be 67.7 ± 4.9 mg/ml and 150.2 ± 24 kPa,
respectively, at which the chi-square value was minimized.
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3.3 DISCUSSION
The contribution of electrostatic interactions between GAG molecules to the
shear stiffness of cartilage was studied by measuring tissue shear modulus under
torsional shear deformation at varying ionic concentrations. The observation that the
shear modulus of cartilage varies with ionic concentration suggests that electrical
interactions do, indeed, contribute to the resistance to shear deformation. In general,
such ionic strength-dependent phenomenon could be described over macroscopic
length scales by Donnan equilibrium theory or at molecular length scale by the PB
equation. However, a charged porous medium subjected to pure shear deformation
maintains a constant volume and, hence, constant fixed charge density. Under these
conditions, the macroscopic Donnan theory predicts that the Donnan osmotic
swelling pressure is unaffected by shear deformation. Therefore, we focused on the
molecular-level interactions between GAG molecules represented by the PB theory,
and we approximated the GAG as a charged rod enmeshed within the tissue matrix
which is able to support the repulsive forces between GAGs during shear
deformation. The average interaction between segments of GAG molecules under
shear deformation was represented as the simultaneous stretch-and-compaction of
the unit cell of GAG (Figure 3.4).
To verify whether this microstructural model of GAG interactions can
simulate the experimentally observed dependence of equilibrium shear modulus on
ionic strength, we used the nonlinear Poisson-Boltzmann equation and calculated
the changes in the electrostatic free energy caused by the deformation and changes
in ionic strength. The electrical contribution to the equilibrium shear stress, -e, was
calculated as a function of shear strain and ionic strength using the energy method,
and the electrical contribution to the equilibrium shear modulus, Ge, was obtained
from the slope of the stress-strain curve. The predicted equilibrium shear modulus
agreed well with measurement using the fitted parameter values of CGAG = 6.77 and
Gne = 150 kPa. The measured GAG concentration in new-born calf femoropatellar
groove cartilage has been reported previously to be 5.6±0.6 % by wet weight [Sah,
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1989]. Considering the measurement here was performed at 10 % compressive offset
strain, the predicted value of CGAG is physiologically reasonable. The best fit value
of Gne was found to be 150 kPa, which is close to the value obtained by
extrapolating the measured equilibrium shear modulus above 1.0 M concentration
(Figure 3B). In addition, the equilibrium shear modulus of cartilage measured after
enzymatic extraction of GAG was found independently to be in the range between
100-150 kPa.
The variation of dynamic shear modulus with ionic concentration was similar
to that of the equilibrium shear modulus. This observation implies that electrostatic
interactions between GAGs are also important determinants of the dynamic shear
modulus of cartilage. Furthermore, the decrease in phase angle between dynamic
shear stress and strain towards zero degrees upon decreasing the ionic concentration
shows the importance of elastic restoring forces that are inherent to electrostatic
interactions. It is interesting to note that the dynamic shear modulus of our cartilage
specimens decreased with decreasing frequency. In a separate set of experiments
(data not shown), we observed that the amplitude of the dynamic shear modulus
reduced to that of the equilibrium shear modulus at frequencies below 0.0001Hz
which was measured at 0.15 M bath ionic concentration.
The dynamic shear and compressive modulus of cartilage have been reported
previously by us and others to be dependent on frequency [Zhu, 1993; Frank, 1987].
This has most often been attributed to (1) the intrinsic viscoelastic properties of the
matrix macromolecules, and (2) the frictional interaction between fluid and solid
phases, e.g., the poroelastic deformations associated with fluid flow through the
water-filled matrix. Both such effects cause the dynamic modulus to be greater than
the equilibrium modulus by an amount that varies with frequency. In this study we
have used torsional shear deformation applied to the tissue as a whole where, for
low deformation amplitude, the motions are essentially volume conserving. As a
result, torsional tissue shear deformation involves little or no macroscopic fluid
flow with respect to the solid network (both fluid and solid elements deform
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together). Thus, the measured frequency-dependence of the shear modulus in our
experiments is likely due to the intrinsic viscoelastic properties of macromolecular
network of collagen and proteoglycans. For the case of volumetric (e.g.,
compressive) deformation, which can induce significant levels of fluid flow, both
fluid-solid (poroelastic) interactions and ionic strength-dependent viscous effects
including the electroviscous effect may also be important [Frank, 1987; Allison,
1998].
The electrical potential obtained by solving the PB equation shifted to more
negative values with decreasing ionic concentration. As the bath ionic concentration
decreases, there will be less counter-ions available to shield the negative charges of
GAG. However, at higher ionic concentration, the electrical repulsion will be
shielded so that further shear deformation no longer increases the repulsive force.
This shielding effect results in the saturation of the measured shear properties at
higher ionic concentration (Figure 3.6), which is also apparent in the theoretically
predicted shear behavior at 1.0 M ionic strength (Figure 3.9).
In this study, the electrostatic free energy was obtained using the method of
Sharp and Honig [Sharp, 1990]. This free energy includes the chemical charging
energy associated with GAG fixed charge and the electrical and osmotic energy of
the mobile ion phases (e.g., Equation 11). These terms can be recast into the
electrostatic, entropic, and osmotic terms. The validity of this definition of the
electrostatic free energy was independently tested for our system for the case of
isotropic compression of the unit cell, by comparing the macroscopic stress
calculated using the energy method to the direct calculation of the total swelling
pressure evaluated at the unit cell boundary. The two different calculations gave
essentially same result.
The contributions of electrical and non-electrical interaction to the
volumetric compressive deformation of cartilage have been described previously
[Buschmann, 1995; Kovach, 1996]. The non-electrical contribution to the
59
compressive stiffness can be ascribed to the structural rigidity and elasticity of
matrix macromolecules, steric interactions, and the entropic effect of the change in
the number of possible configurations of the GAG chains and other molecules. This
latter entropic term is called 'entropicelasticity [Anand, 1996]' under compressive
deformation. Under physiological ionic strength conditions, the entropic
contribution of GAG molecules to the compressive stiffness was estimated
theoretically to be -10 % [Kovach, 1996]. However, under volume-conserving shear
deformation, the contribution of this entropic effect to the equilibrium shear
modulus will be minimal. Therefore, non-electrical contributions to the shear
modulus are more likely associated with the elastic properties of collagen fibrillar
network and other resident macromolecules and, possibly, steric interactions at
molecular level.
In summary, the electrostatic interactions between GAG molecules,
immobilized within 3-D tissue network subjected to shear deformation has been
modeled using the PB unit cell model. The numerical FEM solution of the PB
equation allows the calculation of the change in the electrostatic free energy due to
shear or isotropic compressive deformations, and combinations of these
deformations. Further extensions of this constitutive model will be useful for
describing the details of non-electrical or ionic strength-independent contributions
to the shear modulus.
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Chapter IV
Tissue Shear Deformation Stimulates Proteoglycan and Protein
Biosynthesis in Bovine Cartilage Explants4
The development and maintenance of cartilage in vivo is regulated in part by
mechanical loading, including compressive and shear deformations, and
concomitant mechanical and physicochemical forces and flows [Grodzinsky, 2000].
Soluble factors including vitamins, hormones, growth factors, and cytokines are
known to be important regulators of chondrocyte biosynthesis and differentiation
[Hering, 1999; Smith, 2000]. Therefore, investigators have studied the regulation of
cartilage metabolism in vitro, by utilizing mechanical or physicochemical stimuli
and soluble factors [Gray, 1988; Sah, 1989; Urban, 1993; Parkkinin, 1993; Giori,
1993; Sah, 1996, Bonassar, 2000]: cyclic hydrostatic pressure, fluid-induced shear,
dynamic tissue deformation, changes in osmolarity and pH, and growth factors.
However, the mechanisms by which chondrocytes detect and respond to mechanical
signals are not well understood. Such signaling mechanism may include stretch-
activated ion channels [Wright, 1996] and integrin-cytoskeleton machinery
[Millward-Sadler, 2000] which can trigger kinase cascades leading to changes in
transcriptional regulation. Mechanical stresses may also affect chondrocyte
biosynthesis at the level of translation and post-translational modification by
changing the structure of organelles such as endoplasmic reticulum and Golgi
apparatus [Grodzinsky, 2000].
Dynamic compression of cartilage explants causes cell and matrix
deformation as well as fluid flow within the extracellular matrix (ECM) in the
environment of the cells, mimicking these aspects of loading in vivo. Previous
studies suggested that the increase in proteoglycan and protein synthesis caused by
4 Adapted from "Tissue Shear Deformation Stimulates Proteoglycan and Protein
Biosynthesis in Bovine Cartilage Explants", Archives in Biophysics and Biochemistry [Jin, 2001].
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dynamic compression in vitro was associated with intratissue fluid flow, streaming
potential, and cell deformation [Kim, 1994; Buschmann, 1999]. These studies
modeled the spatial profiles of biophysical phenomena within compressed explants,
including fluid flow and hydrostatic pressure, and compared them to the measured
spatial profiles of newly synthesized proteoglycans using quantitative
autoradiography. Tissue-level autoradiography has been extended to cell length
scale with 1 gm resolution [Quinn, 1998]. These results demonstrated the
importance of interstitial fluid flow to the stimulatory response of chondrocytes.
Possible effects of fluid flow on cartilage metabolism include 1) increased
availability of nutrients and growth factors due to the convective transport, 2)
streaming potentials, and 3) flow-induced shear stress. It has been speculated that
each of these possible mechanisms can regulate chondrocyte biosynthesis. Also, the
inhomogeneous deformation of ECM during unconfined compression of cartilage
can cause differential stimulation along radial directions. However, it is not clear
which stimulatory signals are the major factors responsible for the observed changes
in biosynthesis.
In this study, we applied macroscopic shear deformation to cartilage
explants, motivated by the notion that shear deformation of a homogeneous,
isotropic poroelastic tissue will cause minimal volumetric changes and therefore
minimal intratissue fluid flow or pressure gradients. We hypothesized that cell-
matrix deformation induced by applied shear would stimulate chondrocyte
biosynthesis even in the absence of significant fluid flow and pressure gradients. We
further hypothesized that this stimulation would not vary dramatically with position
in the explant, if the applied shear deformation were reasonably uniform. Since the
known stimulatory responses of chondrocytes to dynamic compression and
hydrostatic pressure depended on the magnitudes and frequencies of the stimulus
[Kim, 1995; Wong, 1999; Wilkins, 2000], shear loading in this study was applied at
frequencies of 0.01-1.0 Hz and in the 1-3 % range of shear strain, which is within
the range of physiological tissue loading [Grodzinsky, 2000; Hou, 1992]. In addition
to the radiolabel measurement of total protein and proteoglycan synthesis, we
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analyzed the spatial distribution of newly synthesized molecules using quantitative
autoradiography.
4.1 Materials And Methods
4.1.1 Isolation and Culture of Cartilage Disks
Cartilage disks (3 mm diameter by 1-1.1 mm thickness) were obtained from
the femoropatellar groove of 1-2 week old calves and maintained in Dulbecco's
modified essential medium (DMEM) supplemented with 10 mM HEPES, 10 % fetal
bovine serum, 0.1 mM nonessential amino acids, additional 0.4 mM proline,
20 gg/ml ascorbate, 100 U/ml penicillin, and 100 gg/ml streptomycin, and 0.25
jtg/ml amphotericin B.
4.1.2 Application of Shear Deformation
After 2-3 days in culture, anatomically matched disks were distributed to
dynamic shear and static control groups. Shear and static control explants were held
at 1 mm thickness in polysulfone chambers (with 0 to 10 % compressive offset
strain) without any adhesive material. The shear chamber was then mounted in a
new incubator-housed loading instrument (see Frank et al. [Frank, 2000] for
details). Dynamic shear deformation was applied to 4-8 explants simultaneously by
rotating the bottom half of the chamber with respect to the top half (Figure 4.lA).
Three separate series of experiments involving three different animals were
performed using 3 % dynamic shear strain amplitude at frequencies between 0.01-
1.0 Hz (total n=13, 21, and 14 at 0.01, 0.1, and 1.0 Hz, respectively). In a separate
series of experiment, 1 % shear strain amplitude at 0.1 Hz was applied to a group of
explants for 24 hours with control explants (three experiments from three animals,
total n=18). During the entire loading period, disks were incubated with 10 gCi/ml
35S-sulfate and 20 gCi/ml 3H-proline in order to assess proteoglycan and total
protein synthesis, respectively.
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Figure 4.1: Schematic view of the shear loading device and waveforms of shear
stress and shear strain. A. Cartilage explants were held at 1 mm thickness in the
shear chamber, shown above, and static control chamber. The shear chamber was
then mounted into the incubator-housed loading instrument, and shear strain was
applied by rotating the base with respect to the top. B. Applied shear strain at 3 %
amplitude; C. shear strain at 1 % amplitude. Strain waveforms were recorded from
the displacement transducer and the resulting shear stress waveforms were recorded
from the torque cell throughout all experiments. The total harmonic distortions
(THD) of the waveforms at 3 % strain are: THD = 15 % at 0.01 Hz, 10 % at 0.1 Hz,
3 % at 1.0 Hz. THD = 5 % at 1 % strain and 0.1 Hz. All strain waveforms have THD
; 0.5 %.
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During shear deformation, the waveforms of both the applied deformation
and the resulting torque were recorded every half an hour (Figure 4.1B). Total
harmonic distortion (THD, defined as the ratio of the root mean square of
amplitudes of higher order harmonics to the root mean square of amplitude of the
fundamental harmonic) was analyzed for all shear stress waveforms to monitor the
quality of shear loading on cartilage explants.
4.1.3 Biochemical Analysis
After radiolabeling, samples were washed three times over 1 hour in
phosphate-buffered saline (PBS) supplemented with 0.8 mM sodium sulfate and
0.5 mM L-proline at 4 'C to remove unincorporated labels. All samples were
solubilized in 1.0 ml protease K (100 gg/ml in 50 mM Tris-HCl and 1 mM CaCl2,
pH 8.0) for 12-18 hours at 60 'C. 100 jl aliquots of the protease K digests were
mixed with 2 ml of scintillation fluid for counting (RackBeta 1211 counter,
Pharmacia LKB Nuclear, Turku, Finland) and the counts were corrected for
spillover. For DNA measurement, 100 pl of digests were mixed with 2 ml of the
Hoechst 33258 dye in an acrylic cuvette and the fluorescence was measured using a
spectrofluorometer (SPF 500C, SLM Instruments, Urbana, IL) [Kim, 1988].
4.1.4 Core vs. Ring Comparison
In a separate series of experiments (using two animals, total n= 11), cartilage
disks were subjected to 1 % shear strain at 0.1 Hz for 24 hours; matched control
disks were held at the same static offset compression as before. After loading with
radiolabeled media, a 2 mm diameter core was removed from the center region of
each test and control disks using a 2 mm punch, leaving an outer annular ring of
tissue, using the method of Kim et al [Kim, 1994]. Radiolabel incorporation and
DNA content were assessed separately for the core and ring region of each disk.
4.1.5 Quantitative Autoradiography
In one experiment, matched cartilage disks were distributed to four different
groups (n=6 each): a dynamic shear and control group radiolabeled with 10 gCi/ml
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3 5S-Sulfate, and another dynamic shear and control group labeled with 20 gCi/ml
3H-Proline. Both shear groups were subjected to dynamic shear loading at 3 % strain
and 0.1 Hz for 24 hours. After loading in the presence of label, unincorporated label
was removed by washing the explants 3 times over 1 hour in PBS. Each disk was
then cut in half at random orientation along the center axis of the cylindrical disk:
one half was analyzed for radiolabel incorporation and the other half was prepared
for autoradiography. Using the methods of Buschmann et al. [Buschmann, 1996],
specimens for autoradiography were first chemically fixed in a 0.05 M sodium
cacodylate buffer with 2 % v/v glutaraldehyde and 2.5 % w/v cetylpyridinum
chloride, and then dehydrated in a graded series of ethanol concentrations. Disk
halves were then embedded in Epon 812, and semi-thin (1 gim) sections were
obtained using an ultramicrotome. Total 24 tissue sections were dipped in an
autoradiography emulsion (Kodak NTB-2) and exposed for 2 weeks or 8 days for
proline- or sulfate-labeled groups, respectively. After developing, autoradiographic
images of 100 gm x 75 gm windows were captured using a high power microscope
(100X oil immersion objective, Olympus Vanox) and a CCD camera (Sony). Grain
densities of each image were analyzed using IPLab software (IPLab Spectrum,
Signal Analytics, Vienna, VA) with a previously developed algorithm for the tissue-
length scale grain analysis [Buschmann, 1996].
4.1.6 Tissue Length Scale Analysis of Grain Densities
The grain densities of tissue sections were independently analyzed for the
four different dynamic shear and control groups. The entire area of each 1 gm-thick
disk cross-section (3 mm wide x 1 mm high) obtained from all 24 disks was divided
into 80 subsections corresponding to the 8 rows and 10 columns in Figure 4.2A.
The 80 images from these subsections were analyzed for proline or sulfate grain
density. Due to the symmetry of the shear loading, the 80 images were then
combined into 20 averaged-subsections, representing one quadrant (1.5mm wide by
0.5mm high) of the cross-section (Figure 4.2B). Therefore, the proline and sulfate
grain densities of each of the 20 subsections were obtained by averaging the grain
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densities of the corresponding 4 subsections grouped from 80 subsections.
Variations along the radial and vertical directions were defined by grouping the
corresponding sites as in Figure 4.2 C & D; the regions of center, middle, and edge
were also defined along radial directions (Figure 4.2E).
4.1.7 Statistical Analysis
Data were represented as mean ± SEM. Significance of the effect of shear
deformation compared to static control with no shear was identified using a two-
tailed paired Student's t-test with unequal variances. Trends of grain densities along
the radial and vertical directions were identified by one-way analysis of variance
(ANOVA). A power analysis was performed for the comparison of radiolabel
incorporation between core and ring region in addition to the t-test. The number (1-
power) corresponds to the frequency of making type II error, which is accepting a
false null hypothesis (power of 90 % is considered reliable for accepting the null
hypothesis [Lieber, 1990]. Statistical analysis of the radial and vertical variations of
proline and sulfate grains was performed after combining 80 subsections into 20
averaged subsections; therefore each averaged subsection of Figure 2B was treated
as n=1. All the analyses were performed with a significance level of p < 0.05.
4.2 Results
4.2.1 Stimulatory Effect of Tissue Shear Loading
Proline and sulfate radiolabel incorporation into control disks was
approximately 40 and 80 pmol/gg DNA/hr, respectively, which is similar to values
observed previously in new-born calf cartilage explants cultured under the same
conditions (5). Radiolabel incorporation in dynamically sheared disks normalized to
that of control disks is shown in Figure 3A. Shear loading at 3 % amplitude caused
significant stimulation of protein by -50 % and proteoglycan by -25 % over static
control (p<0.01) at all frequencies tested (0.01, 0.1, and 1.0 Hz) (Figure 4.3A).
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Figure 4.2: Tissue-level autoradiography and the definition of radial and vertical
variations. A. The cross-section of each cartilage disk (3 mm wide x 1 mm high x
1 gm) was subdivided into 80 subsections (10 radial by 8 vertical). B. Due to the
symmetry of shear deformation, these 80 subsections were combined into 20
averaged subsections, representing one quadrant (1.5 mm wide x 0.5 mm high) of
the cross-section. C & D. To calculate grain density variations in the radial and
vertical directions, the 20 averaged subsections of B were further averaged into 5
radial (C) and 4 vertical (D) groups. E. Regions of center, middle, and edge were
defined along the radial direction.
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One-way ANOVA test showed that there was no trend of stimulation versus
frequency in this range. The stimulatory effect at 1 % strain amplitude was 41 %
and 25 % for protein and proteoglycan synthesis, respectively, and was not
significantly different from the stimulation at 3 % strain at 0.1 Hz (Figure 4.3A).
During loading, both the applied shear strain and the resulting shear stress
waveforms were recorded. The applied shear strain waveform was essentially
distortion-free, i.e., the total harmonic distortion (THD) was 0.5 %. At 3 % strain
amplitude, the shear stress waveform sometimes showed THD in the range 3-15 %
(Figure 4.1B). The higher value of THD (e.g., Figure IB, 0.01 Hz) indicates a small
amount of slipping between cartilage disks and the chamber platens.
The shear loading configuration of Figure IA is called 'simple shear' and is
different from the 'pure shear' configuration which can be applied by torsional
loading of individual cylindrical disk specimens. Simple shear loading can induce a
low levels of fluid flow due to bending-induced pressure gradients, localized near
the leading and trailing peripheral edges of the explant disks [Frank, 2000]. To
check whether this fluid flow caused a local stimulation of biosynthesis near the
outer edges of the explants, we first compared the radiolabel incorporation in the
2 mm core regions with that of the annular ring after the application of 1 % shear
deformation for 24 hours. Radiolabel incorporation (pmol/gg DNA/hr) in the core
and ring region of dynamically sheared disks was normalized to the core and ring
regions of matched statically held control disks. In these experiments, shear
deformation stimulated protein by 38 % and proteoglycan by 18 % over static
controls in both the core and ring region. Importantly, there was no significant
difference between the normalized proline and sulfate incorporation rates in the
cores and the outer annular rings of dynamically sheared disks (p>0.28,
power>0.95) (Figure 4.3B).
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Figure 4.3: Frequency-dose response & Core vs. ring comparison. Radiolabel
incorporation (pmol/ tg DNA/hr) in dynamically sheared disks was normalized to
that in control disks (control = 1). Synthesis of total protein and proteoglycan was
significantly stimulated -50 % and -25 % over static control, respectively (p<a.),
at 3 % shear strain amplitude and frequencies of 0.0 1, 0.1, and 1.0 Hz. At I % shear
strain with a frequency of 0. 1 Hz, protein and proteoglycan synthesis was stimulated
by 41 and 25 %, respectively, over control. However, there was no trend versus
frequency in the biosynthesis at 3 % shear strain (ANOVA, p>0.25). The
stimulatory effect was not significantly different between 1 % and 3 %. B. In a
separate series of experiments, shear strain of 1 % at 0.1 Hz was applied to cartilage
specimens. After loading, a 2 mm diameter core was removed from the center region
of each disk leaving an outer annular ring of disks. Radiolabel incorporation was
separately measured for the 2 mm core and outer annular ring. The stimulation of
protein and proteoglycan in core and ring regions was not significantly different (t-
test and power analysis, p>0.28, power>0.95).
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Figure 4.4: Autoradiographic appearance of chondrocytes and proline and sulfate
grains from center, middle, and edge regions of cartilage explants. Proline and
sulfate grain density appeared higher in dynamically sheared disks compared to
static controls (white bar at the right bottom = 10 gm).
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4.2.2 Spatial Analysis of Newly Synthesized Protein and Proteoglycan by
Autoradiography
The spatial profiles of radiolabel incorporation were further analyzed by
quantitative autoradiography. Proline and sulfate grain densities were quantified on
one section from each of total 24 disks from four groups tested. The relative
increase in the grain densities of radiolabeled proline and sulfate of dynamically
sheared disks were in good agreement with the relative increase by scintillation
counting of total radiolabel incorporation measured on the other halves of the same
disks (-50 % for proline and -20 % for sulfate). Images of chondrocytes and newly
deposited matrix from center, middle, and edge regions of cartilage explants (Figure
4.4) were used to analyze the radial and vertical variations of grain densities for
proline and sulfate labeled sections (Figures. 4.5 & 4.6). Grain densities of
dynamically sheared disks were normalized to the corresponding grain densities of
control disks (second column (B & D) of Figures. 4.5 & 4.6). Overall, proline grain
density was increased by 50 %, and this stimulation was uniform along radial and
vertical variations (Figure 4.5 B & D) as tested by one-way ANOVA (p>0.25). In
contrast, there was a significant trend in the radial variation of sulfate grains both
for the shear and static control groups (by one-way ANOVA test, p<0.05).
Importantly, however, the normalized sulfate grain densities in dynamically sheared
disks were highest in the center of the disk, not at the edge (Figure 4.6C). Sulfate
grain density did not vary significantly along the vertical direction (Figure 4.6 C &
D).
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Figure 4.5: Radial and vertical variations of proline grains. A. Proline grain density
for shear and static control explants along radial direction. B. Radial variation of
grain densities of dynamically sheared explants normalized to controls (control=l).
C. Proline grain density for shear and static control explants along vertical direction.
D. Vertical variation of grain densities of dynamically sheared explants normalized
to controls (control=l). Proline grains were uniformly distributed along radial and
vertical directions, both for control and shear explants. Shear deformation caused
uniform increase of grain densities along radial and vertical directions.
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Figure 4.6: Radial and vertical variations of sulfate grains. Sulfate grain density for
shear and static control explants along radial direction. B. Radial variation of grain
densities of dynamically sheared explants normalized to controls (control=l). C.
Sulfate grain density for shear and static control explants along vertical direction. D.
Vertical variation of grain densities of dynamically sheared explants normalized to
controls (control=1). Sulfate grains showed radial variation (one-way ANOVA;
p<0.01) for control and shear groups (A). Normalized grain density showed a
significant trend along radial direction (B) with higher stimulation at center region.
However, there were no trends along vertical directions for both groups and
normalized sulfate grains (C & D).
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4.3 Discussion
In the present study, dynamic tissue shear deformation of cartilage explants
stimulated the synthesis of protein and proteoglycan significantly above levels in
control explants held at the same offset static compression. The increase in
synthesis did not depend strongly on frequency or strain within the 0.01-1.0 Hz
frequency range and the 1-3 % strain range tested. (We note, however, that in
preliminary studies on disks cultured and tested in serum-free DMEM rather than
10 % FBS, stimulation was not observed below 2 % strain amplitude (data not
shown)). The range of shear strains used in our study were motivated by previous
experimental (Herberhold, 1999) and theoretical [Hou, 1992] studies of cartilage
deformation relevant to joint loading in vivo, which predict that compressive and
shear deformations of -1-3% may occur during dynamic or short-term loading. The
shear loading used in this study was simple shear, which is different from a pure
shear configuration. Pure shear loading does not cause any volumetric deformation
or intra-tissue pressure gradient. Therefore, for homogeneous isotropic poroelastic
materials, pure shear would not cause any intratissue fluid flow with respect to the
solid matrix. However, simple shear deformation can enhance normal stresses at the
leading and trailing edges of the disk in contact with the platens, which can induce
local pressure gradients and relative fluid flow at these thin peripheral edge regions.
Nevertheless, we chose the simple shear configuration (1) to apply a uniform shear
deformation through entire disk, since torsional deformation causes the strain to
vary along the disk radial direction, and (2) to enable a simple approach to the use
of multiple samples in each experiment for statistical analyses (Figure 4. 1A).
The effect of shear deformation in this study can be compared to that of
dynamic compressive deformation over comparable ranges of frequency and strain.
Dynamic compression between 0.01-1.0 Hz at 1-5 % strain amplitude has been
reported to stimulate the synthesis of proteins and proteoglycans [Sah, 1989; Kim,
1994; Buschmann, 1999; Parkkinen, 1992]. Interestingly, dynamic shear
deformation caused a 2-fold greater stimulation of protein synthesis compared to
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proteoglycan synthesis, while dynamic compression appears to stimulate protein and
proteoglycan synthesis by similar amounts. The previous finding that -80 % of the
3H-proline is incorporated into collagen in our newborn calf cartilage specimens
[Sah, 1991] suggests that shear deformation may cause marked stimulation of
collagen synthesis in our system. Quantitative autoradiographic analysis of newly
synthesized proteoglycans within explant disks subjected to dynamic compression
revealed an increase in proteoglycan synthesis with increasing disk radius,
compared to controls [Kim, 1994; Buschmann, 1999]. This radial variation in
proteoglycan synthesis was similar to the radial variation in tissue-level fluid
velocity predicted theoretically [Buschmann, 1999]. In contrast, autoradiographic
images of specimens subjected to shear deformation showed that 3H-proline
incorporation relative to controls was uniform throughout the disks (Figure 4.5).
The stimulation of 3S-sulfate incorporation caused by shear (i.e., the normalized
sulfate incorporation of Figure 4.6B) decreased slightly with increasing radius.
Taken together, these results suggest that the stimulatory effect of shear is not
associated with tissue-level fluid flow which might have occurred at the edge
regions. This conclusion is consistent with the fact that radial fluid flow in our
simple shear configuration is estimated to be much smaller than in compression (see
below). This hypothesis is also consistent with the core vs. ring radiolabel
incorporation data (Figure 4.3.B), which showed no macroscopic radial variation in
synthesis in response to tissue shear.
In order to further delineate the physical stimuli associated with cell response
to tissue shear deformation, a poroelastic model of the simple shear configuration of
Figure 4.1 for a 1 % shear strain amplitude at 0.1 Hz was used [Frank, 2000;
Levenston, 1998]. Model predictions showed that the maximal fluid velocity over
the 3 mm diameter cross section was less than 0.02 gm/s, except at the 150 jtm-wide
outer edge at the platen-disk interface. Since the stimulation of proteoglycan
synthesis by dynamic compression was estimated to occur in regions of the explant
in which the fluid velocity was greater than 0.25 gm/s [Buschmann, 1999], we
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conclude that the much smaller and highly localized fluid flow in our simple shear
configuration has minimal effect on biosynthesis. Of course, we cannot discount the
possibility that cell-level (microscopic) changes in fluid flow patterns can be
induced locally due to inhomogeneities in the material properties of extracellular
matrix. The middle-zone new born calf cartilage specimens used in this study do not
exhibit the marked depth-dependent inhomogeneities of adult articular cartilage;
rather, our immature cartilage exhibits uniform matrix ultrastructure [Sah, 1989;
Hunziker, 1992]. Therefore, inhomogeneities in the material properties of the
pericellular versus interterritorial matrix [Guilak, 2000] would more likely be the
cause of any localized fluid flow patterns at the cell-level. Such microscopic fluid
motion due to cell-level inhomogeneities would occur over short-distances and,
therefore, decay faster in time compared to the tissue-level fluid flow that would
result from volumetric compressive deformation. To address these issues, cell-level
autoradiography methods [Quinn, 1998] are now being used to quantify micrometer
length-scale changes in radiolabel incorporation around individual chondrocytes
through the cross-section of these same specimens.
The effects of tissue shear can be compared to the known effects of fluid
shear applied directly to cells. Fluid shear has been widely studied as a regulator of
endothelial [Jalali, 2001] and smooth muscle cells [Rhoads, 2000] as well as
chondrocytes [Guilak, 2000; Smith, 1995]. Fluid-induced shear stress applied to
chondrocytes in monolayer culture has been found to alter cell morphology and
matrix synthesis, affect the production of PGE2, IL-6, TIMP-1, and nitric oxide
[Smith, 1995], and activate the ERK1/2 signaling pathway [Hung, 2000]. However,
chondrocytes in native tissue will experience much lower fluid velocities than the
values used in these monolayer culture experiments [Hung, 2000]. In addition, the
shear stress applied to chondrocytes in fluid shear-monolayer culture studies is
-1 Pa, which must be distinguished from the more physiological 10-25 kPa shear
stress caused by tissue shear deformation [Hou, 1992] in our study (Figure 4.1).
Under tissue shear deformation, most of shear stress will be supported by the
extracellular matrix due to the difference in shear stiffness between the ECM and
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cells, and chondrocytes will be deformed according to the surrounding matrix
deformation. Therefore, the stimulatory effect of tissue shear deformation should
most likely be considered as a function of strain and not stress.
Taken together, our data suggest that the stimulation of biosynthesis by
tissue shear is associated with events linked to deformation of extracellular matrix,
cells, and intracellular matrix. This may also include changes in the facilitated
transport of soluble factors through simultaneous matrix stretch and compaction.
Such mechanical deformation may activate transduction pathways associated with
the integrin-cytoskeleton machinery or stretch-activated channels [Wright, 1996]. In
addition to such upstream signaling pathways, mechanotransduction mechanisms in
tissue shear may involve pathways further downstream related to changes in cell
morphology. For example, shear deformation could affect protein translation and
post-translation modifications caused by changes in morphology of intracellular
organelles. This hypothesis is supported by the recent EM studies [Grodzinsky,
2000] which showed changes in the ultrastructure of the rough endoplasmic
reticulum, Golgi apparatus, and mitochondria of cartilage explants under graded
levels of static compression. Future studies to identify the effect of shear
deformation on mechanotransduction pathways at the levels of upstream signaling,
transcriptional and post-translational level should enhance our understanding of the
mechanisms by which chondrocytes respond to mechanical deformation and
concomitant physicochemical changes in vivo.
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Chapter V
Upregulation of Phyophorylated ERK1/2, mRNA Levels of Type II
Collagen and Aggrecan Protein Core, and Matrix Synthesis in
Response to Tissue Shear Deformation
The regulation of cartilage metabolism is influenced by coupled
electromechanical and physicochemical forces [Grodzinsky, 1998; Hall, 1991;
Smith, 1995; Sah, 1989]. It has been hypothesized that external signals can be
transduced through multiple signaling mechanisms such as stretch-activated ion
channels, ligand-cell surface receptors, and integrin-cytoskeleton machinery that can
activate kinase cascades, leading to changes in transcriptional regulation [Wright,
1996; Millward-Sadler, 2000]. Mechanical stresses may also affect chondrocyte
biosynthesis at the level of translation, post-translational modifications, and
vesicular transport by restructuring the morphology of organelles such as
endoplasmic reticulum and Golgi apparatus [Grodzinsky, 2000].
In vivo compression of articular cartilage induces cell-matrix deformation
and interstitial fluid flow with the concomitant changes in electrical and
physicochemical forces. Autoradiographic spatial localization of newly synthesized
proteoglycans within cartilage explants (0.1-1 mm scale) subjected to a cyclic
compressive deformation at wide ranges of frequencies has revealed the importance
of fluid flow in stimulating proteoglycan (PG) synthesis [Kim, 1994; Buschmann,
1999]. Cell-level (-1 gm scale) analysis on newly synthesized PGs using
autoradiography was performed to explore the correlation between the biosynthetic
activities at the cell level and the biophysical changes during in vitro loading
[Quinn, 1998 Mar]. Using a similar method, the evolution of newly synthesized
proteins and PGs from pericellular to further removed regions was investigated
revealing the changes in the grain densities which could be associated with the
diffusive transport of molecules and turnover processes [Quinn, 1998 Jul]. In a
recent study using tissue shear deformation as the mechanical load [Jin, 2001 Nov],
which induces little tissue-level fluid flow, we found that the syntheses of total
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protein and PG were significantly increased within dynamically sheared cartilage
disks compared to statically held disks. The stimulation of the newly synthesized
proteins and PGs were relatively uniform from the center to the peripheral edge of
the cylindrical disk as shown by tissue-level (-100 gm scale) autoradiographic
analysis [Jin, 2001 Nov]. These findings supported the hypotheses that 1) fluid
flow-free cell and matrix deformation could stimulate chondrocyte biosynthesis and
2) tissue shear deformation which was applied uniformly on cylindrical cartilage
specimens would induce a homogeneous stimulation everywhere of the disk.
In recent years, the mitogen-activated protein kinases (MAPKs) have been
the focus of intensive study to understand cellular events in growth factor and
cytokine receptor signaling [Cobb, 1995; Seger, 1995; Cano, 1995; Marshall, 1995].
The MAPK enzymes such as ERKl/2 (Extracellular Signal-Regulated Protein
Kinase), JNK (c-jun amino terminal protein kinase), p38, etc. are the central
components of the cascade that coordinate incoming signals generated by a variety
of extracellular and intracellular mediators. The phosphorylation and activation of
MAPKs transmits the signal down the cascade, resulting in phosphorylation of many
other proteins with substantial regulatory functions such as other protein kinases,
transcription factors, cytoskeletal proteins, and other enzymes. A number of in vitro
studies have been performed using chondrogenic cell lines (e.g., ATDC5, Watanabe,
2001) and isolated chondrocytes (Hung, 2000) to elucidate the involvement of
MAPKs in controlling transcriptional activities of aggrecan mRNA. In a recent
study, the increasing static compression on native bovine articular cartilage explants
resulted in a dose-dependent upregulation of phosphorylated ERK1/2 level with the
upregulation sustaining even up to 24 hour-continuous 50% compression [Fanning,
2001]. In contrast to the dose-responsiveness of MAPKs activation with increasing
static compression, mRNA levels for aggrecan and type II collagen decreased due to
a 50% static compression for 24 hours as tested by Northern blot [Ragan, 1999].
Down-regulation of these mRNA levels due to the static compression for 24 hours
correlated with the decrease in the matrix synthesis of protein and PG which was
assessed by the measurements of radiolabel incorporation. However, the mRNA
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levels increased during the initial 0.5 hour-50% static compression, whereas rates of
synthesis of PG and protein have been observed to decrease within 0.3 to 0.6 hour
after static compression [Sah, JOR, 1989]. Therefore, the existence of non-
correlated MAPK activation, mRNA level, and matrix synthesis suggests the
presence of the multiple regulatory pathways in affecting the matrix synthesis which
has not as yet studied.
In this study, our objectives were to explore the correlation between MAPK
activation, transcriptional regulation, and matrix synthesis in response to tissue
shear deformation whose effect was shown to be stimulatory to the biosynthesis of
total protein (mostly collagen in young bovine cartilage) and PG. In addition to the
measurement of radiolabel incorporation to assess the amount of newly synthesized
matrix, the cell-length scale autoradiographic analysis was performed to investigate
the stimulatory effect of tissue shear at regions of pericellular and further removed
matrix.
5.1 Materials and Methods
5.1.1 Cartilage Explant and Loading
Cartilage disks (3mm diameter by 1mm thick) were obtained from the
femoropatellar grooves of 1-2 week old calves and maintained in Dulbecco's
modified essential medium (DMEM) supplemented with 10 mM HEPES, 0.1 mM
nonessential amino acids, additional 0.4 mM proline, 20 gg/ml ascorbate, 100 U/ml
penicillin, 100 ptg/ml streptomycin, and 0.25 gg/ml amphotericin B. 10% fetal
bovine serum (FBS) was added to the culture media for the experiments on
autoradiography and on mRNA regulation using RT-PCR. Serum was not added for
the experiments on shear strain-dose response and ERKl/2 using Western blot
analysis. After 2-5 days in culture, anatomically matched disks (n = 6-10) were
distributed to dynamic shear and static control groups. Shear and static control disks
were held at 1mm cut thickness in polysulfone chambers (0% compressive offset).
The shear chamber was then mounted into a loading machine [Frank, 2000] and 1.5-
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6% dynamic shear strain at a frequency of 0.1Hz was applied to a shear group with
varying loading time for different experiments. In selected experiments examining
mRNA regulation using RT-PCR, a 50% static compression group (2- and 24-hr
duration) and a free swelling culture were added as additional comparisons to
dynamic shear and 0% static control groups.
5.1.2 Effect of Shear Strain Dose on Matrix Synthesis of Protein and PG
To assess the effect of shear strain-dose response, shear loading with strains
at 1.5, 3, 4, and 6% was applied at a frequency of 0.1Hz for 24 hours on cartilage
specimens which were incubated in serum free media. During the 24 hour-period of
loading, media was added with 10 gCi/ml [3H]proline and 5 gCi/ml [35S]sulfate to
assess protein and proteoglycan synthesis, respectively. After loading, samples were
washed three times over 1 hour in phosphate-buffered saline (PBS) supplemented
with 0.8 mM sodium sulfate and 0.5 mM L-proline at 4 'C to remove
unincorporated labels. All samples were solubilized in 1.0 ml protease K (100 gg/ml
in 50 mM Tris-HCl and 1 mM CaCl 2, pH 8.0) for 12-18 hours at 60 'C. 100 gl
aliquots of the protease K digests were mixed with 2 ml of scintillation fluid for
radioactivity measurements (RackBeta 1211 counter, Pharmacia LKB Nuclear,
Turku, Finland) and the counts were corrected for spillover. DNA amount was
measured with 100 gl aliquots of digests mixed with 2 ml of the Hoechst 33258 dye
in an acrylic cuvette using a spectrofluorometer (SPF 500C, SLM Instruments,
Urbana, IL).
5.1.3 Quantitative Cell-Length-Scale Autoradiography
Matched cartilage disks were distributed to four different groups (n=6 each)
for autoradiographic analysis: a dynamic shear and a control group incubated in
10 RCi/ml 35S-Sulfate containing media, and another dynamic shear and a control
group with 20 [tCi/ml 3H-Proline. Both shear groups were subjected to dynamic 3%
shear at 0.1 Hz for 24 hours in the presence of label. After loading, unincorporated
label was removed by washing the explants 3 times over 1 hour in PBS. Each disk
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was then cut in half at random orientation along the center axis of the cylindrical
disk: one half was analyzed for radiolabel incorporation rate and the other half was
prepared for autoradiography. Specimens for autoradiography were first chemically
fixed in a 0.05 M sodium cacodylate buffer with 2% v/v glutaraldehyde and 2.5%
w/v cetylpyridinum chloride, and then dehydrated in a graded series of ethanol
concentrations. Disk halves were then embedded in Epon 812, and semi-thin (1 gm)
sections were obtained using an ultramicrotome. A total of 24 tissue sections were
dipped in an autoradiography emulsion (Kodak NTB-2) and exposed for 2 weeks or
8 days for proline- or sulfate-labeled groups, respectively. After developing,
autoradiographic images of 100 jm x 75 jim size were taken using a high power
microscope (100X oil immersion objective, Olympus Vanox) which was connected
to a CCD camera (Sony) and a computer.
The grain densities of tissue sections were independently analyzed for the
four different dynamic shear and control groups using IPLab software (IPLab
Spectrum, Signal Analytics, Vienna, VA) with a previously developed algorithm for
the cell-length scale grain analysis [Quinn, 1998 Mar]. The entire area of each
1 jim-thick disk cross-section (3 mm wide x 1 mm high or r = 0 to 1.5 mm) obtained
from all 24 disks was divided into center (r = 0 to 0.2 mm), middle (r = 0.7 to 0.9
mm), and edge (r = 1.3 to 1.5 mm) regions depending on the distance from the
center axis (r = 0 mm) to the peripheral edge (r = 1.5 mm). Four to five
chondrocytes were chosen from each region of each disk. To analyze the spatial
profile of proline and sulfate grain densities in the extracellular space, first, the
boundary of cellular membrane was defined manually and then ijim steps from this
boundary up to 15 jm were automatically defined. This procedure gave 15 spaces
which were enclosed between neighboring boundaries. The grain densities within
each space were independently analyzed.
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5.1.4 Quantification of Phosphorylated ERK1/2 Level using Western Blot
In separate experiments, a shear group was subjected to a shear strain of 1.5-
6% at 0.1Hz for 20 minutes with anatomically matched static control and free
swelling condition. 8-10 cartilage disks were allocated to each condition. Three
experiments involving five different animals were performed. After loading,
samples were frozen in liquid nitrogen and pulverized. Tissues were homogenized in
NP-40 type homogenization buffer with protease inhibitors (20mM Tris pH 7.6,
120mM NaCl, 10mM EDTA, 10% glycerol, 1% NP-40, 100mM NaF, 10mM sodium
pyrophosphate, 1mM PMSF, 2mM Na 3VO 4 , 40gg/ml leupeptin) in the ratio of
100 l/10mg of tissue. Then the homogenates were extracted by rotating at 4'C for 1
hour and centrifuged at 13,000 g for 1 hour. Total protein concentration of each
supernatant was quantified by the bicinchoninic acid (BCA) method. Aliquots
containing 20gg of protein were suspended in Laemmli-SDS buffer and resolved by
SDS-PAGE (10% resolving gel). Then the resolving gel was transferred to a
nitrocellulose membrane (Schleicher & Schuell). After the transfer, membranes
were blocked with 5% BSA in TBST (10mM Tris pH7.6, 150mM NaCl, 0.1%
Tween 20) for 2 hours at 37'C. Membranes were incubated in phospho-specific anti-
ERK1/2 polyclonal antibody-containing solutions (Cell Signaling Technology, Inc.,
MA) overnight at 4'C. Membranes were washed in TBST (5xl0min), incubated
with HRP-conjugated secondary antibody (goat anti-rabbit, Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA) for 1 hour at room
temperature, and again washed in TBST. Phospho-proteins were visualized using
enhanced chemiluminescence (Renaissance ECL, NEN Life Science Products,
Boston, MA) and then quantified using densitometry.
5.1.5 Analysis of Type II Collagen and Aggrecan Protein Core mRNA using RT-
PCR
Shear strain of 3% at 0.1Hz was applied to a shear group for 0.5, 2, 6, and 24
hours with static control. Immediately after the loading, both groups were frozen in
liquid nitrogen and stored at -80'C until RNA extraction. Frozen cartilage disks
were powdered using a conventional pulverizer and homogenized in TRIzol reagent
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(GibcoBRL). The extracts were transferred to Phase Lock Gel tubes (Eppendorf
AG) and 10% v/v chloroform (Sigma) was added. These tubes were centrifuged for
10 min at 13,000g at 4'C, and the clear liquid phase was collected. Total RNA was
isolated from the liquid phase using a QIAGEN RNeasy kit (QIAGEN) and, during
the cleanup steps, DNase (QIAGEN) was used to remove genomic DNA. The
concentration of total RNA was determined by measuring the absorbance at 260 nm
in a spectrophotometer. Gold RNA PCR reagent kit (PE Biosystems) was used for
reverse transcription and PCR. Primers for type II collagen-a (forward- AAG AAA
CAC ATC TGG TTT GGA GAA ACC; reverse- ATG GGT GCA ATG TCA ATG
ATG GG; amplified product, 342 bp), aggrecan core protein (forward- TCC ACT
GAC ACC AAA GAG T; reverse- TCT GGA TTT AGT GGT GAG TAT T, 333
bp), and glyceraldehyde-3-phosphate dehydrogenase (G3PDH) (forward- TCA CTG
GCA TGG CCT TCC GTG TCC; revrse- AAA TGA GCT TGA CAA AGT GGT
CGT TGA AGG, 252 bp) were designed using the commercial software
(GeneJockey, Biosoft) with a melting temperature of around 60'C. PCR was
performed with as initial activation at 95'C for 10 min followed by 25-45 cycles of
94'C (10 sec), 60'C (45 sec), and 72'C (45 sec). After amplification,
electrophoresis was performed on 2% agarose gels with ethidium bromide (10
gg/ml), and the image was quantified using image analysis software (Scion Image,
Scion Corporation).
5.1.6 Statistical Analysis
Data were represented as mean ± standard error mean (SEM). Significance of
the effect of shear deformation on autoradiographic grain densities, radiolabel
incorporation, and mRNA level for aggrecan and type II collagen compared to static
control with no shear was identified using a two-tailed Student's t-test. Two-way
ANOVA was used to test the trends of the normalized proline and sulfate grain
densities vs. cell-length and tissue-length radial variations. All the analyses were
performed with a significance level of p <0.05.
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5.2 Results
5.2.1 Autoradiographic Analysis on Spatial Deposition of Extracellular Protein and
Proteoglycan
Images of chondrocytes and newly deposited matrix from center, middle, and
edge regions of cartilage explants (Figure 5.1) were used to analyze the deposition
of proline and sulfate grains within pericellular (0 to 2gm from the cell membrane)
and further-removed regions (2 to 15gm) (Figure 5.2). The relative increase in the
grain densities was obtained by first averaging proline and sulfate grain densities of
shear and control into three regions of 0-2 (region I), 2-6 (region II), and 6-15gm
(region III) from the cell membrane and then normalizing grain densities of shear to
control. The results were shown as bar graph in Figure 5.2.
Proline grain densities were significantly stimulated by dynamic tissue shear
(t-test; p<0.001) at all center, middle, and edge regions. Proline grain densities of
control disks were uniformly distributed between 1-15gm (Figure 5.2A). In contrast,
in response to shear, proline grains were accumulated more in the pericellular region
and decreased to a plateau level above 5gm resulting in the cell-length radial
variation in the stimulatory effect. The relative increase in proline grains was bigger
at near the cell membrane (2.25-2.75 fold increase in region I; 1.8-2.3 fold increase
in region II; 1.6-1.75 fold increase in region III). Two-way ANOVA was performed
on the normalized proline grain densities to test the trends along region 1-11-111 and
center-middle-edge; there was a significant trend of the normalized proline grain
density vs. region 1-11-111 (p<0.05) and no trend vs. center-middle-edge (p=0.63).
The increase in the sulfate grains due to shear was significant as shown by t-test (p
<0.001). Sulfate grain densities of both shear and control were accumulated more
near the pericellular region and reached plateau level above 8gm from the cell
membrane (Figure 5.2B). The relative increase in sulfate grains was rather uniform
within regions I, II, and III with 1.3-1.4 fold increase (two-way ANOVA, p=0.6)
and also within center-middle-edge (p=0.86).
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Figure 5.1: Autoradiographic histology of chondrocyte, proline, and sulfate grains at
the cell length scale where cartilage was subjected to either 3% shear at 0.1Hz or
0% static compression for 24 hours. During the entire loading, cartilage specimens
were incubated with radiolabel. These images were used to analyze the variations in
the cell-length scale radial profile at center, middle, and edge regions of each disk.
The solid bar at the bottom corresponds to 10 tm.
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Figure 5.2: Cell length scale analysis on proline and sulfate grain densities. The
spatial profile of proline (A) and sulfate (B) grains was analyzed by dividing the
extracellular space into 15 subspaces starting at the cell membrane to 15 gm away.
Proline grains of control were uniformly distributed except the space right near the
membrane while proline grains of shear were accumulated higher near the
membrane. The relative increase of proline was bigger near the membrane. In
contrast, sulfate grains of both shear and control exhibited the radial variation along
the distance from the cell membrane. However, the relative increase of sulfate was
nearly uniform from the pericellular to further removed regions.
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5.2.2 The Effect of Shear-Strain Dose on Matrix Synthesis and Phosphorylated
ERK1/2
Shear deformation above 1.5% (24 hour-loading) increased the radiolabel
incorporation of proline and sulfate significantly over the level in the static control
(Figure 5.3). The result of stimulation at 6% shear was 35% increase in protein and
25% increase in PG synthesis. In our previous study [Jin, 2001], we observed a
significant increase in the synthesis of protein and PG due to 1% shear strain where
cartilage explants were incubated with FBS. The amount of stimulation due to 3%
shear strain involving no serum DMEM (-20% of protein and 12% of PG) was
lower than the stimulatory level with 10% serum DMEM (-50% of protein and 25%
of PG) in our previous experiment [Jin, 2001]. However, the greater stimulatory
effect on protein over PG synthesis was consistent with our previous finding.
Phosphorylated ERK1/2 levels in free swelling culture, 0% static control, and
1.5%-4.5% shear at 0.1 Hz frequency for 20 min loading were detected using
Western blot. A total of three experiments were performed and one of the typical
images is shown in Figure 5.4. Compared to the effect of 1.5% shear strain with 24
hour application on the radiolabel incorporation, there was a slight increase in the
phosphorylated ERK1/2 level in response to 20 minutes of shear loading at 1.5%
over 0% static control (Figure 5.4). The increase in the phosphorylated ERK1/2
level reached a maximum value at 3% shear strain and slightly decreased at 4.5%
shear strain. Interestingly, there was a dramatic increase in the phosphorylated
ERK1/2 level at 0% compression over the free swelling condition (Figure 5.4). The
gradual increase in the phosphorylated ERK1/2 level with increasing shear strain
was observed in two separate experiments.
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Figure 5.3: Shear strain-dose response on chondrocyte biosynthesis. Cartilage
specimens were subjected to 1.5-6% shear strain at 0.lHz for 24 hours with
anatomically matched 0% static control. Both groups were incubated with no-serum
media. Shear strain above 1.5% increased significantly the synthesis of protein and
PG, and the stimulatory effect increased with increasing strains reaching a plateau
level at 6% strain.
5.2.3 Temporal Changes in the mRNA Level of Aggrecan Core Protein and Type II
Collagen
After RT-PCR, the amplified products of aggrecan core, type II collagen, and
G3PDH were run on 2% agarose gel with a DNA standard ladder. Figure 5.5 shows
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one example of gel image which was loaded with 4 samples subjected to 3% shear at
0.1Hz, 2 static control samples, and 2 samples subjected to 50% static compression
(24 hour-loading). After application of 50% static compression (with no shear), type
II collagen and aggrecan core protein mRNA levels were initially higher after 2
hours of compression and subsequently decreased dramatically by 24 hour-
compression compared over 0% static controls (Figure 5.6A). This pattern is to
some extent similar to the previous study which used Northern blots [Ragan, 1999]
where 0.5 hour-50% compression increased the mRNA levels for type II collagen
and aggrecan core, both normalized by G3PDH. The normalized type II collagen
mRNA level was sustained higher over the 0% control even up to 4 hours of 50%
compression with a slight decrease observed in the aggrecan mRNA. The amount of
total RNA decreased by 15% and 70% after 50% compression for 2 hours and
24 hours, respectively, compared to 0% static controls which suggests that cellular
activity, in general, may have decreased with continuous 50% compression (Figure
5.6A).
In contrast, dynamic shear loading significantly upregulated type II collagen
in a sustained manner over 24 hrs, however, the increase in the aggrecan core
mRNA was not comparatively apparent (Figure 5.6B). This upregulation of mRNA
levels due to shear loading can be compared to its effect on biosynthesis, where 3%
dynamic shear strain at 0.1Hz for 24 hours significantly stimulated 3H-proline and
3 5S-sulfate incorporation by 50% and 25% respectively [Jin, 2001, Arch Biochem
Biophys].
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Figure 5.4: Phosphorylated ERKl/2 levels were quantified for free swelling, 0%
control, and 1.5-4.5% shear strain at 0.1 Hz (20 min loading). The phosphorylated
ERK1/2 level dramatically increased from free swelling to 0% control, and this
level is further increased with the application of shear loading.
92
00
3%+0.1Hz staic %
I- O
U cc . .N ....
Figure 5.5: RT-PCR products of aggrecan core, type II collagen, and G3PDH
mRNAs were loaded into 2% agarose gel containing ethidium bromide for gel
electrophoresis. Similar images were used for the quantification of mRNA levels in
response to 3% shear at 0.1Hz, 0% static control, and 50% static compression with
varying loading times at 0.5, 2, 6, and 24 hours.
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Figure 5.6: A. Normalized type II collagen and aggrecan mRNA increased in a short
period of 50% compression and decreased below the mRNA levels at 0% static
compression. In contrast, total RNA level decreased monotonically in response to
50% compression. B. Tissue shear increased the type II collagen mRNA
significantly over 0% control in a sustained manner during loading. However, the
upregulation of aggrecan core mRNA was not significant.
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5.3 Discussion
The development and maintenance of cartilage is influenced by in vivo
loading that is a combination of compressive and shear deformation. In our recent
study we have shown that tissue shear deformation which induces minimal fluid
flow and concomitant biophysical changes stimulated protein (mostly collagen in
our juvenile bovine cartilage) and PG significantly over statically held control [Jin,
2001]. In the present study, we have explored the spatial deposition profile of newly
synthesized molecules into the extracellular space using cell-length
autoradiography. To further delineate whether the increase in matrix synthesis is
accompanied by an increase in mRNA levels, which in turn are known to be
regulated through the MAPK, we have tested the changes in the phosphorylated
ERKl/2 and mRNA levels for aggrecan protein core and type II collagen.
Cell-length autoradiographic histology showed that, in response to static
compression at 0%, proline grains were uniformly accumulated from the cell
membrane to further removed matrix while sulfate grains were more densely
deposited close to the cell membrane. The difference between deposition patterns
may be associated with the post-processing of collagen fibrils and aggrecan
monomers. Procollagens, after being secreted into the extracellular space, are
modified through C- and N-termini processing and assembled into an ordered
fibrillar structure. Likewise, aggrecans, after being exported from the cell, are
incorporated into PG aggregates interacting with link proteins. Therefore, the
distinctive profile of the extracellular accumulation between proline and sulfate
grains will be affected by diffusive transport, post-translational aggregation, and
turn over. Interestingly, shear loading seemed to perturb the proline deposition
resulted in the higher densities near pericellular region. This may be due to the
proline within the aggrecan protein core which was stimulated above the control
level. Another possibility could be the retardation of collagen diffusion into the
interterritorial space due to the increase in collagen and aggrecan synthesis.
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A variety of extracellular signals trigger initial events upon association with
their cell surface receptors and these signals are then transmitted to the interior of
the cell, activating the appropriate cascades. Among numerous pathways which
control transcriptional activities, the MAPKs have been shown to be the major
signaling mechanism in eukaryotes [Seger, 1995]. Studies of the roles of MAP
kinases pathways in chondrocytes have shown that the MAPK were utilized in IL-1
signaling and MMP activation [Mengshol, 2000], transforming growth factor
(TGFf)-induced aggrecan gene expression [Watanabe, 2001], and fibroblast growth
factor-induced Sox9 gene expression [Murakami, 2000]. In a study using a laminar
flow chamber system where isolated chondrocytes were exposed to the fluid induced
shear stress [Hung, 2000], ERKl/2 activation led to the down regulation of aggrecan
promoter activity. In a recent study using native bovine cartilage tissue,
phosphorylated ERKl/2, p38, and JNK levels increased with the increasing level of
static compression which has also shown to be inhibitory to chondrocyte
biosynthesis [Fanning, 2001 & Personal communication]. Considering the diverse
downstream effects of MAPKs, the increase in the phosphorylated ERK1/2 level due
to tissue shear in this study may not be directly responsible for the increase in the
mRNA level leading to the stimulation of protein and PG. Nevertheless, the
observation that the phosphorylated ERK1/2 level increased with increasing shear
strain up to 3% and reaching a plateau at 4.5% was to some extent consistent with
the dose-dependent increase in the protein and PG synthesis where cartilage
explants were cultured within no-serum media.
Currently, there exist only a few studies on the regulation of mRNA in
response to mechanical loading within native articular cartilage, although isolated
chondrocytes have been used to study the effect of fluid-induced shear [Smith,
1995], hydrostatic pressure [Millward-Saddler, 2000], and mechanical stretching
[Holmvall, 1995]. The level of aggrecan mRNA has been observed to increase under
constant loads of 0.1 MPa during creep compression of cartilage explants [Valhmu,
1998]. In another study, the effect of 50% static compression induced a transient
increase in the type II collagen and aggrecan core followed by a dramatic decrease
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due to the continuous loading [Ragan, 1999]. In the present study, we observed an
increase in the type II collagen and aggrecan core protein mRNA within 0.5 hour
application of tissue shear and was sustained over the entire loading period.
Consistent with the higher radiolabel incorporation of proline and accordingly
higher stimulation of collagen than the stimulated sulfate radiolabel and the level of
PG synthesis, the increase in collagen mRNA levels was more significant than that
in aggrecan core mRNA. However, further verification is required to determine
whether the increase in mRNA levels lead to a proportional increase in the matrix
synthesis.
The stimulatory effect on matrix synthesis of shear loading involving no
serum-supplemented media was observable above 1.5% strain and was slightly
increasing with the increase in the strains. This is in contrast to our previous study
involving 10% serum media [Jin, 2001, Arch Biochem Biophys] which we observed
that even a 1% shear stimulated protein synthesis by 40% and PG by 25%. Fetal
bovine serum contains proteins, growth factors, and hormones like albumin, insulin,
progesterone, testosterone, and etc. which are known to stimulate chondrocyte
biosynthesis. Therefore, the effect of tissue shear loading might be boosted by the
presence of FBS leading to the greater stimulation observed in the biosynthesis in
the previous study.
Mechanical loading of cartilage explants is thought to affect chondrocyte
biosynthesis through multiple regulatory pathways including upstream signaling,
kinase activity, transcriptional and translational activity, post-translational
modification, vesicular transport, and extracellular processing. Here, we have shown
that dynamic tissue shear can activate the ERK1/2 pathway which may influence
chondrocyte transcriptional activity and lead to the increase in the matrix synthesis.
The synthesis and the extracellular deposition of protein and PG were further
analyzed at micron scale using autoradiography. The correlation between activated
MAPKs and mRNA levels could be more rigorously tested by using the known
inhibitors for MAP kinase kinase (MEK) (e.g., U0126, SKF86002) or MAP kinase
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(e.g., SB203580). Similarly inhibitors for transcription and translation could be used
to further identify the major regulatory pathways on chondrocyte biosynthesis under
mechanical loading.
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Chapter VI
Combined Effects of Dynamic Tissue Shear Deformation and
Insulin-Like Growth Factor I on Chondrocyte Biosynthesis in
Cartilage Explants
The development and maintenance of healthy articular cartilage is regulated
by both biomechanical and biochemical stimuli [Grodzinsky, 1998; Trippel, 1992].
Dynamic compression [Sah, 1989] and shear deformation [Jin, 2001, Arch Biochem
Biophys] have been shown to stimulate the production of matrix proteoglycans and
proteins by chondrocytes. Peptide growth factors such as IGF-I have also been
shown to be important regulators of chondrocyte metabolism [Trippel, 1992].
Recent studies have indicated that dynamic compression accelerates and augments
the biosynthetic response of chondrocytes to IGF-I [Bonassar, 2001]. These effects
of dynamic compression appear to be, at least in part, due to increased fluid flow
and augmentation of IGF-I transport into the cartilage matrix [Bonassar, 2001]. Our
objectives in this study were (1) to determine the combined effects of dynamic
tissue shear deformation and IGF-I on matrix biosynthesis by chondrocytes in intact
cartilage explants, (2) to quantify the dependence of the rate of biosynthesis on
shear strain amplitude, and (3) to determine whether shear strain with little or no
accompanying fluid flow can augment transport of IGF-I into cartilage and thereby
regulate the biosynthetic response of chondrocytes to IGF-I.
6.1 Materials and Methods
6.1.1 Cartilage Explant and Culture
Cartilage disks (3 mm diameter by 1 mm thick) were obtained from the
femoropatellar groove of 1-2 week old calves and equilibrated free swelling in
serum-free DMEM with 10 mM Hepes, 0.1 mM nonessential amino acids, 0.4 mM
L-proline, 20 tg/ml ascorbate, 100 U/ml penicillin, amphotericin B, and 100 ig/ml
streptomycin in a 24 well plate for 2-3 days at 37'C in 5% CO 2 atmosphere.
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6.1.2 Combined Mechanical & IGF-I Stimulation
Cartilage disks were assigned to either static control or shear groups. Static
control disks were placed in polysulphone chambers and compressed between
impermeable platens to the original cartilage cut thickness of 1 mm (0% offset) for
24 hours. Shear stimulated disks were held at the same 0% offset compression in a
similar polysulphone chamber, and graded levels of sinusoidal shear strain
amplitude from 0.5-6.0 % were applied at a frequency of 0.1 Hz for 24 hrs, using a
specially designed incubator-housed tissue loading instrument [Frank, 2000].
During the 24 hr period of loading, disks were radiolabeled with 10 gCi/ml 3H-
proline and 5 kCi/ml 35S-sulfate as measures of protein and proteoglycan synthesis,
respectively. To assess the combined effects of IGF-I and shear deformation, disks
were held at either 0% static control or subjected to 6% sinusoidal shear strain in the
presence of 0, 3, 30, or 300 ng/ml of recombinant human IGF-I (Peprotech, NJ),
which was added to the culture medium immediately prior to the start of loading.
After dynamic shear, the disks were washed, digested with proteinase K, and the
digests were analyzed for radiolabel incorporation (scintillation counting) and DNA
content (Hoescht 33258 dye assay).
6.1.3 IGF-I Transport Studies
To assess the effect of dynamic tissue shear deformation on IGF-I transport
into cartilage, disks were subjected to shear (3% shear strain amplitude at 0.1 Hz) or
no shear (control) in culture medium containing approximately 50,000 CPM/ml 1251
labeled IGF-I (Gift from University of North Carolina) and 750 ng/ml unlabeled rh-
IGF-I for 2, 4, 8, 24, and 48 hours. Disks (n=12) and media were collected at each
time point and examined for uptake of radioactivity.
6.1.4 Statistics
Student's t-test, one-way ANOVA, and two-way ANOVA were performed
with a significance level of p<0.05.
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6.2 Results
6.2.1 Dose-Dependent Stimulatory Effect of Shear Strain Amplitude on Cartilage
Biosynthesis
Radiolabel incorporation into shear-stimulated disks (pmol/pg-DNA/hr) was
normalized to that in control disks (control value = t in Figure 6.1). Dynamic tissue
shear at all strain amplitudes above 2% (f = 0.1 Hz) significantly stimulated protein
and proteoglycan synthesis by -30% and -20%, respectively, in serum free medium
with no IGF-I. GAG biosynthesis was not significantly altered in disks subjected to
less than 2% shear strain, though protein synthesis appeared lower at 0.5 and 1%.
6.2.2 Effects of IGF-I and Shear on Biosynthesis
Two-way ANOVA indicated that IGF-I and dynamic shear compression each
significantly (p<0.01) increased biosynthetic activity, with no significant interaction
between the stimuli (p>0.85) (Figure 6.2).
6.2.3 Effect of Shear on IGF-I Transport
The total uptake of 2 5I-labeled IGF-I into cartilage disks at each time (Figure
6.3) was characterized by fitting the data to an exponential (first order kinetics)
equation. The characteristic exponential time constant (t) for 1 2 5I-IGF-I transport
was calculated for disks in the presence or absence of shear strain. The time
constant for static control (11 hr) and shear (10.7 hr) disks were not significantly
different from each other (Figure 6.3).
6.3 Discussion
Mechanical deformation of chondrocytes within intact cartilage explants
caused by applied tissue shear stimulated protein and proteoglycan synthesis at
shear strains above 2%. The anabolic effects of the combination of shear
deformation and IGF-I were additive, with no interaction between the stimuli
(Figure 6.3A & 6.3B). These data, coupled with the observation that each stimulus
enhanced the maximal effect of the other, suggest that mechanical shear and IGF-I
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act on articular chondrocytes via separate biological pathways. This lack of
interaction between biomechanical and biochemical stimuli was also found in
previous studies of IGF-I with both static [Bonassar, 2000] and dynamic [Bonassar,
2001] compression. In the present study, however, there was no temporal
acceleration of the effect of IGF-I by tissue shear deformation, as indicated by the
similar time constants for the transport of IGF-I into the cartilage in the control (11
hr) and shear (10.7 hr) groups (Figure 6.3). This is in contrast to studies
demonstrating accelerated transport of IGF-I into cartilage explants caused by
dynamic mechanical compression [Bonassar, 2001], and is consistent with the much
lower levels of fluid flow induced by simple shear deformation in the present
configuration [Jin, 2001, Arch Biochem Biophys] compared with that produced by
dynamic compression.
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Figure 6.1: Shear strain-dose response (0.5-6%) on
Dynamic tissue shear at all strain amplitudes above 2%
chondrocyte biosynthesis.
with a frequency of 0.1 Hz
significantly stimulated protein and proteoglycan synthesis by -30% and -20%,
respectively, in serum free medium. GAG biosynthesis was not significantly altered
in disks subjected to less than 2% shear strain, though protein synthesis appeared
lower at 0.5 and 1%.
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Figure 6.2: Combined effect of shear and IGF-I on biosynthesis. Two-way ANOVA
indicated that IGF-I and dynamic shear compression each significantly (p<0.01)
increased biosynthetic activity, with no significant interaction between the stimuli
(p>0.85).
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Figure 6.3: Effect of shear and static compression on IGF-I transport. The
characteristic exponential time constant (T) for 1 25I-IGF-I transport was calculated
for disks in the presence or absence of shear strain. The time constant for static
control (11 hr) and shear (10.7 hr) disks were not significantly different from each
other.
105
Appendix A
Effect of Injurious Compression on Biosynthesis and Material
Properties5
Traumatic joint injury has been demonstrated to be a risk factor for
development of secondary osteoarthritis [Davis, 1989], but the precise mechanism
by which this occurs is unknown. Studies of in vivo animal models have
demonstrated that high-impact loads to the knee joint can induce cartilage
degradation [Newberry, 1998; Thompson, 1991; Thompson, 1993]. Attempts to
model this process in vitro have led to the investigation of the effects of
compressing cartilage tissue using loading conditions sufficient to produce acute
injury [Farquhar, 1996; Jeffrey, 1995; Loening, 2000; Quinn, 1998; Steinmeyer,
1997; Torzilli, 1999].
To simulate a rapid impact injury having a known impact energy, one
approach has been the use of a drop-tower apparatus [Jeffery, 1995; Repo, 1977].
However, such an approach does not allow one to study or control separately the
displacement or stress waveform applied to the cartilage during compression. Thus,
recent studies have used systems capable of controlling load or displacement during
injury. In these experiments, the controlled variable in defining the injury has been
either peak stress [Farquhar, 1996; Torzilli, 1999] or final strain [Loening, 2000;
Quinn, 1998]. Chen et al [Chen, 1999] used a repetitive impact model in which a
desired peak stress could be achieved using two different loading rates; they found
that the level of injury depended on which loading rate was used.
Since the pathway leading from joint injury to OA is not well understood, it
is important to quantify parameters of tissue damage as well as measures of cell
5 Adapted from "Biosynthetic response and mechanical properties of articular cartilage after
injurious compression", in J Orthop Res [Kurz, 2001].
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metabolism and biosynthesis. Previous studies in vitro have therefore focused on
tissue swelling, compressive strength [Loening, 2000] and, most recently, denatured
collagen strand neoepitopes [Chen, 1999] to quantify specific damage to the
collagen network during injury. Previous studies have also demonstrated that
compression affects the chondrocytes themselves. Specifically, injurious
compression may increase cell death and decrease biosynthesis [Chen, 1999;
Jeffrey, 1997; Loening, 2000; Quinn, 1998; Torzilli, 1999].
In contrast, moderate (low-amplitude) dynamic compression of cartilage over
a range of frequencies can increase chondrocyte biosynthesis of matrix
macromolecules [Kim, 1994; Parkkinin, 1992; Sah, 1989] and upregulate expression
of aggrecan and type II collagen [Ragan, 2000]. We hypothesized that a further
consequence of injurious mechanical compression would be the inability of
chondrocytes to respond in a stimulatory fashion to moderate dynamic compression,
i.e., the failure of a potential reparative response associated with moderate loading.
Therefore, the objectives of this study were (1) to quantify the effect of strain
rate on certain biomechanical and biosynthetic measures of tissue injury, and (2) to
examine the ability of chondrocytes to recover from an injury by quantifying the
response of chondrocytes to subsequent low-amplitude dynamic compression.
A. 1 Materials and Methods
A. 1. 1 Articular Cartilage Explants
Articular cartilage disks were obtained from the femoropatellar groove of 1-2
week old calves as previously described [Sah, 1991]. In brief, cartilage-bone
cylinders (9 mm in diameter) were drilled perpendicular to the cartilage surface and
placed in a microtome holder. After creating a level surface by removal of the most
superficial -100 pm, the next 2 mm of articular cartilage were sliced by the
microtome to produce two 1 mm thick slices. Four explant disks (3 mm in diameter
x 1mm thick) were punched out of each slice and equilibrated for 24 hrs. in culture
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medium (low glucose DMEM supplemented with 10% FBS, 10 mM HEPES buffer,
1mM sodium pyruvate, 0.1 mM nonessential amino acids, 0.4 mM proline, 20 gg/ml
ascorbic acid, 100 U/ml penicillin G, 100 pg/ml streptomycin, and 0.25 pg/ml
amphotericin B) in a 37 'C, 5% CO 2 environment. The four 3-mm diameter disks
from each 9-mm diameter slice were distributed to four groups: 0.01 s-1, 0.1 s-, and
1 s-1 strain rates, and controls.
A.1.2. Mechanical Injury
Mechanical compression was applied to groups of four cartilage explants one
day after dissection (Figure A.1). The explants were placed in chambers during
(radially unconfined) compression by an incubator-housed loading device, as
described previously [Frank, 2000; Kim, 1994]. The explants were initially held at
their original cut thickness of 1 mm. Controlled displacement ramps to 50% final
strain (500 gm) were then applied to the four disks simultaneously at rates of 0.01 s~
1, 0.1s, or 1 s- (corresponding to ramp velocities of 0.01 mm/s, 0.1 mm/s, and 1
mm/s, respectively), and held at the final strain such that the total time of
compression was five minutes for each group. We henceforth refer to compression
of the cartilage explants with this protocol at any of the three strain rates as
"injury". After injury, the explants were maintained in culture for an additional 6
hours or 3 days, and biochemical or mechanical measurements were made as
described below.
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EXPERIMENTAL DESIGN
INJURY Measure Weight
Mechanical Properties
-1-0
Measure
Weight
0.25 3
BIOSYNTHESIS
(6hrs, 35SO 4 & 3H-Proline)
Dynamic Mechanical Stimulation
(12hrs, 35SO4 & 3H-Proline,
3% strain at 0.1Hz)
Figure A. 1: Schematic timeline of the experimental design for study of the effects of
injurious compression on biomechanical properties, biochemical changes, and
subsequent response to moderate dynamic compression. Measurements at day 0 and
3 were made with separate groups of explants
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A.1.3. Biochemical and Biosynthesis Studies
Wet weight measurements were taken before injury, 6 hours after injury, and
3 days after injury. Radiolabel incorporation was measured 6 hours and 3 days after
injury by incubating explants in fresh culture medium containing 10 gCi/ml S 42
and 20 gCi/ml 3H-proline for 6 hrs. After culture with radiolabel, the explants were
washed three times over 60 minutes in 1 ml phosphate-buffered saline (PBS)
supplemented with 0.8 mM sodium sulfate and 0.5 mM proline to remove free
radiolabel, and digested in 1 ml protease K solution (100 pg/ml in 50 mM Tris-HCl
and 1 mM CaCl 2 at pH 8) at 60'C for 12-18 hours. Aliquots of the digest were
analyzed for radiolabel incorporation in a liquid scintillation counter and corrected
for spillover. Assuming equivalent rates of incorporation for labeled and unlabeled
proline and sulfate, the fraction of radiolabel incorporated was multiplied by the
concentration of sulfate and proline in the culture medium to calculate the
incorporation of each substance. Incorporation was then expressed as pMol
incorporation per hour per mg wet weight before injury, and normalized to the
incorporation rate of uninjured control tissue. The glycosaminoglycan (GAG)
content of the digested samples, as well as the GAG content of the conditioned
medium, was measured using the dimethylmethylene blue (DMMB) dye-binding
assay.
In separate experiments, the biosynthetic response of injured cartilage to
low-amplitude dynamic mechanical stimulation was measured three days after
injury. Explant disks from each of the four sample groups (0.01, 0.1, and I s-I strain
rates and uninjured controls) were subjected for 12 hrs. to either dynamic
compression (3% dynamic strain amplitude at 0.1 Hz superimposed on a 10% static
offset strain) or static compression alone at the same static offset strain (10%).
During the 12-hr. dynamic compression, the cartilage disks were incubated with
fresh culture medium containing 10 pCi/ml 3504-2 and 20 pCi/ml 3H-proline. The
incorporation rates of the dynamically compressed explants were normalized to their
corresponding static controls for each injury group.
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Two additional experiments were performed to assess cell viability 3 days
following injury. Viability was assessed by staining with a solution of 5 gg/ml
ethidium bromide (EtBr) and 50 pg/ml fluorescein diacetate (FDA) in PBS. EtBr
enters only cells which have lost the integrity of the cell membrane. Once inside the
cell, EtBr forms a red fluorescent complex inside the nucleus [Edidin, 1970]. FDA
readily crosses the cell membrane and is enzymatically converted by intracellular
esterases into a green fluorescent, anionic product which can no longer leave the
cell by crossing the cell membrane [Bell, 1988]. Following culture, cartilage
explants were sectioned with a scalpel blade into slices approximately 200 gm thick.
The slices were stained with 10 gl of the dye solution and incubated in the dark at
room temperature for two minutes. Under a l0x microscope objective, red and
green staining cells in a 400x300 gm box were tabulated. As cells on the perimeter
of the cut slice, as well as those cells immediately surrounding any gross fissure or
disruption, are all nonviable, care was taken to ensure that the field of vision did not
include these areas. Cell viability was then calculated as the number of green-
staining cells over the total number of cells counted.
A. 1.4. Measurement of Mechanical Properties
The mechanical properties of the explants were measured either 6 hrs. or 3
days post-compression. The four explants in each injury or control group were
simultaneously subjected to uniaxial unconfined compression in a polysulfone
chamber as described above. Three sequential compression ramps (to 20%, 23%,
and 26% strain) were applied, and after each ramp, the equilibrium stress attained
after a 5 minute hold was measured. The equilibrium compressive stiffness was
calculated from linear regression of equilibrium stress vs. strain. Dynamic
compressive stiffness was then measured during application of a sinusoidal
compression (3% dynamic strain amplitude for three periods) superimposed on the
26% static offset strain, at frequencies ranging from 0.1 to 1 Hz. Similarly, the
equilibrium shear modulus was measured by simultaneous application of simple
shear strain to all four explants in each group, as described in detail elsewhere
IIl
[Frank, 2000]. Disks were subjected to 3 sequential steps of 1% shear strain, each
held for five minutes, at an axial compressive offset of 26%. Subsequent
application of sinusoidal shear strain (3% dynamic shear amplitude at frequencies
from 0.1 to 1 Hz) enabled measurement of the dynamic shear modulus.
A.1.5 Statistics
Differences among groups were tested with one-way analysis of variance
(ANOVA) followed by a Dunnett test to compare loaded groups to the unloaded
control group. To compare differences among treatment groups for the ratio (r) of
the mean radiolabel incorporation (x) divided by the mean cell viability (y), we used
a first-order Taylor series approximation of the deviations of estimates from their
expected values, known as the delta method [Lehmann, 1998]. Since the estimates
of x and y are independent, the asymptotic variance of r is approximated by var(r)
22[ var(x) + r var(y) ] / y2. We assumed that the resulting estimated standard errors
are approximately equal to the true standard errors and used a two-sample z test to
compare ratios between different treatment groups.
A.2. Results
A.2.1 Single Injurious Compression
Representative stress-strain curves during injurious compression of cartilage
disks at three different strain rates (to 50% final strain and held for a total of five
minutes) are shown in Figure A.2.
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Figure A.2: Representative waveforms of applied strain and resulting stress versus
time for the initial 4-60 s of a single five-minute injurious compression protocol.
Four cylindrical explant disks (1 mm thick x 3 mm diameter) per group were
compressed simultaneously at strain rates of 0.01, 0.1, and I s-I until a final strain of
50% was achieved. Stress is computed as the total load divided by the
uncompressed cross-sectional area of four disks.
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Figure A.3: Peak stress and stress after four minutes of stress-relaxation while held
at the final strain of 50%. Data corresponds to mean ± SD of four separate
experiments at each strain rate, with each experiment involving simultaneous
compression of four cartilage disks.
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The peak stresses produced by compression ranged from - 12 MPa at a strain
rate of 0.01 s 1 up to -24 MPa at 1 s- (Figure A.3).
A.2.2 Biosynthetic Activity and Cell Viability after Injury
3S-Sulfate and 3 H-proline incorporation in disks subjected to a strain rate of
0.01 s-1 was not significantly different from that in uncompressed control disks at 6
hrs. and 3 days after injury (Figure A.4A). Cartilage disks subjected to strain rates
higher than 0.01 s- showed decreased proline and sulfate incorporation in a manner
dependent on strain rate. The decrease in biosynthetic activity compared to controls
was significant for strain rates of both 0.1 s 1 and I s-1. After injury at a strain rate
of 1 s-1, radiolabel incorporation was reduced to -50% of control levels for proline
and to -35% of control levels for sulfate. No significant differences were observed
between radiolabel incorporation 6 hrs. and 3 days after injury at any applied strain
rate.
Cell viability was measured three days after injury in two separate
experiments, and the data pooled (n = 5-9 disks at each strain rate). Viability (mean
± SEM) was 99 ± 0.7 % in control disks. This decreased to 98 ± 5 % at 0.01 s-1, 92
3 % at 0.1 s- and 83± 6 % at 1 s-1. These results were used to recalculate the
day-3 radiolabel incorporation data of Figure A.4A to estimate the biosynthetic
activity per viable cell. The proline and sulfate incorporation per viable cell three
days after injury decreased with increasing strain rate, and remained significantly
different from that of controls after injury at strain rates of 0.1 and 1 s-I (Fig A.4B).
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Figure A.4: (A) Biosynthetic activity of cartilage explants under free-swelling
conditions at 6 hours and 3 days after single injurious compression to a final strain
of 50% at strain rates of 0.01/s, 0.1/s, and 1/s. The data for 3 5S-sulfate and 3H-
proline incorporation correspond to two separate experiments at each condition
(four explants per experiment). The values are normalized to the mean radiolabel
incorporation of uncompressed control explants. (B) Radiolabel incorporation data
of Figure A.4A re-normalized to the mean percentage of viable cells (mean ± SEM,
n = 8; *p < 0.05) compared to uninjured controls.
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Figure A.5: 3 5 S-sulfate and 3H-proline incorporation in cartilage disks during a
twelve-hour dynamic compression (3% dynamic strain amplitude at 0.1 Hz,
superimposed on a 10% static offset compression), 3 days after an injurious
compression at strain rates of 0 (control), 0.01/s, 0.1/s, and 1/s. The data are
normalized to the radiolabel incorporation of explants which were held at the same
10% static offset and subjected to the same injurious compression (dotted line).
(mean t SEM, n = 12, p < 0.05)
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Figure A.6: Percentage increase of cartilage explant wet weight at 6 hours and 3
days after a single injurious compression at strain rates of 0.01/s, 0.1/s, and 1/s
(mean ± SEM, n = 12, p < 0.05).
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The biosynthetic activity of explants three days after injury was also assessed during
a subsequent 12-hr. low-amplitude dynamic compression to examine the ability of
the chondrocytes to respond to mechanical stimulation after injury. The data are
normalized to cartilage disks which had received the same initial injurious
compression, but then received only the 10% static offset compression, with no
dynamic compression (Figure A.5). In uninjured controls, dynamic compression
increased 3H-proline incorporation by -40% and 3 5S-sulfate incorporation by -25%,
similar to that observed in previous studies [Sah, 1989]. In contrast, injuriously
compressed disks showed reduced ability to respond to dynamic stimulation, and the
response decreased with increasing strain rate. After injury at 1 s-1, dynamic
compression no longer stimulated radiolabel incorporation, and proline
incorporation was significantly less than that of dynamically stimulated, uninjured
control disks.
A.2.3 Tissue Mechanical Properties after a Single Injurious Compression
After injury at 1 s-1, the cartilage appeared damaged to gross visual
inspection in approximately half of the disks. Damaged disks appeared elliptical in
shape and were occassionally fissured. In contrast, no gross damage was seen after
injury at 0.1 or 0.01 s-. The increase in tissue wet weight 6 hours after injury
increased with strain rate and was statistically significant after injury at 0.1 and 1 s 1
(Figure A.6). However, 3 days after injury, the increase was apparent only at 1 s-.
Compressive and shear stiffness of cartilage measured 6 hours after injury at
0.01 s-1 was not significantly different than controls, but stiffness then decreased
with increasing strain rate (Figure A.7). Equilibrium axial stiffness in unconfined
compression (Figure A.7A) tended to decrease with increasing strain rate, although
the effect was not significant by ANOVA. However, the dynamic stiffness in the
0.01 to 1 Hz frequency range (shown at 0.5 Hz in Figure A.7A) was significantly
decreased after injury at 0.1 and 1 s-. Both the equilibrium and dynamic shear
stiffness of the explants decreased with increasing strain rate, down by 50% after
injury at 1 s1 (Figure A.7B). There were no significant differences between
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compressive or shear stiffness values measured at 6 hours and 3 days after injury
(data not shown).
Glycosaminoglycan content of the tissue 3 days after injury tended to
decrease with increasing strain rate, but ANOVA showed no significant effect.
Uninjured controls contained 48 4 gg GAG/mg wet weight, which decreased to 47
± 2 jg/mg after injury at 0.01 s, 45 ± 2 jig/mg at 0.1 s- 1, and 43 ± 2 pg/mg at 1 s-
(mean ± SEM; n = 8). Cumulative GAG loss to the medium 3 days after injury
showed the complementary trend, increasing with strain rate (p < 0.01 by ANOVA).
After injury at 1 s-1, cumulative GAG loss was 9.2 ± 0.8 jg/mg, compared to 6.9
0.4 jg/mg in controls (n = 12).
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Figure A.7: (A) Equilibrium stiffness and dynamic stiffness (at 0.5 Hz) of cartilage
explants in uniaxial unconfined compression at 6 hours after a single injurious
compression at strain rates of 0.01/s, 0.11s, and Ifs. (B) Equilibrium shear stiffness
and dynamic shear stiffness (at 0.5 Hz) of cartilage explants at 6 hours after a single
injurious compression at strain rates of 0.01/s, 0.1/s, and 1/s. The data are
normalized to the mechanical properties of uncompressed control explants (mean±
SEM, n = 3, p < 0.05).
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A.3 Discussion
Our results demonstrated that a single injurious compression altered the
mechanical properties of cartilage explants, chondrocyte biosynthesis, and
chondrocyte response to dynamic compression in a manner that was dependent on
the strain rate of the compression. In particular, this study demonstrated that injury
affects not only the basal biosynthetic activity of chondrocytes, but also the ability
of subsequent low-amplitude dynamic compression to upregulate biosynthetic
activity.
A single injurious compression was found to have significant effects on the
biosynthetic activity of the cartilage. Injury at strain rates higher than 0.01 s-1
produced a decrease in radiolabeled proline and sulfate incorporation, compared to
free-swelling controls, at both 6 hrs. and 3 days after compression. These results
are consistent with past studies of the effects of single injurious compression on
cartilage [Jeffrey, 1997; Torzilli, 1999]. However, as demonstrated qualitatively by
Torzilli et al. [Torzilli, 1999], a decrease in observed radiolabel incorporation
(normalized to DNA content or wet weight) after injury could be due either to a
decrease in cellular biosynthetic activity or to a reduction in the number of viable
cells. We therefore quantified the cell viability of the tissue 3 days after loading in
order to estimate the proteoglycan and total protein synthesis per viable cell. The
results suggest that in addition to cell death after injury at high strain rates, the
biosynthetic activity of the remaining viable cells may still be markedly reduced 3
days after injury. In contrast with these observations, Jeffrey et al [Jeffery, 1997]
reported that synthetic activity on a per cell basis recovered and exceeded control
levels by three days for most impacts. These differences are most likely due to
differences in the methods for quantification of cell viability after cell isolation in
their study, which used enzymatic digestion of cartilage. Observations in our lab
have led us to hypothesize that enzymatic digestion of tissue after injury may result
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in the loss of chondrocytes which, while initially viable, were too fragile to survive
digestion.
A limitation of the FDA/ethidium bromide viability assay used here is that it
may be an imperfect tool for assessment of cell death in such situations. Previous
research has identified that injurious compression can cause apoptotic cell death
[Loening, 2000], and it is unclear whether agents which assess membrane integrity
(such as ethidium bromide and propidium iodide) will underestimate cell death due
to apoptosis. In addition, the technique used here involving staining of tissue
sections may introduce some bias in cell counting due to the difficulty in identifying
red-staining nuclei and green-staining cells corresponding to focal planes of
identical thickness. Finally, some of the explants injured at the highest strain rate
demonstrated a non-homogeneous pattern of cell death due to the presence of
fissuring. Since cell viability was measured in regions of intact matrix, this could
underestimate cell death in the explant as a whole. Nevertheless, we feel that these
estimates are likely to be more accurate than those obtained by cell isolation.
In order to characterize further the effect of injurious compression on cellular
biosynthetic response, we investigated the ability of injured chondrocytes to respond
to dynamic compression. Normal chondrocytes respond to moderate or low-
amplitude dynamic compression by upregulating biosynthetic activity [Palmoski,
1984; Parkkinin, 1992; Sah, 1989], a property which may be an integral part of their
ability to maintain a healthy tissue capable of withstanding compressive loads. We
found that chondrocytes injured at the higher strain rates did not respond to dynamic
mechanical stimulation, either because the cells had lost the ability to do so, or
because damage to the extracellular matrix had disrupted the transduction of the
physical signals which stimulate this response. It is important to note that
biosynthesis after moderate dynamic compression in these injured plugs was
compared to biosynthesis in control plugs which were injured using identical
conditions, but not subjected to dynamic compression. Therefore, cell viability
associated with injury is equivalent in the tested and control plugs. Furthermore,
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previous studies [Kim, 1994; Sah, 1989] have shown that the moderate dynamic
compression protocol used in this experiment does not alter cell viability.
We also attempted to characterize further the effects of injurious
compression on the cartilage tissue matrix itself. Many prior studies have noted that
cartilage tissue swells in response to injury. Since the swelling of cartilage is
essentially a result of the electrostatic repulsion forces of the charged proteoglycans,
and opposed by the collagen network, swelling of the tissue after injury is thought
to be due to damage to the collagen network [Maroudas, 1976]. As expected, our
results show swelling of the tissue soon (6 hrs.) after injury, and that swelling
increased with increasing strain rate. In this study, unlike the studies of others
[Jeffery, 1995; Loening, 2000], swelling of controls had increased to similar levels
as injured plugs by three days after injury. It is known that after removal of these
explants from native cartilage, culture in unconfined conditions leads to gradual but
steady swelling in control tissue over a period of days to weeks [Loening, 2000]. In
this experiment, while injury resulted in an immediate increase in swelling, by day
three the swelling of the unconfined tissue appears to have obscured some effects of
swelling due to injury.
In addition to the swelling of the tissue, we characterized the effects of injury
on the mechanical properties of the tissue in both shear and unconfined
compression. Stiffness measured in unconfined compression has been used in prior
studies to characterize cartilage after injury [Loening, 2000; Quinn, 1998] since the
integrity of the collagen network plays an important role in this measurement. In
this study, we also characterize the effect of injury on the shear stiffness of the
cartilage, since the shear stiffness of the tissue is known to be very sensitive to the
strength and integrity of the collagen network [Zhu, 1993]. Although the
proteoglycan content also contributes to shear strength [Jin, 2000, ORS; Zhu, 1993],
changes in proteoglycan content were relatively small among treatment groups in
this experiment. Our results, demonstrating a decrease in mechanical properties
before gross fissuring was visible (at a strain rate of 0.1 s-), suggest damage to the
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collagen network by injury at the higher strain rates used in this study. Further
research with denatured collagen [Chen, 1999; Hollander, 1994] and collagen II
CTx neoepitopes [Atley, 2000] may clarify the molecular mechanisms behind this
damage.
Different compression geometries, protocols, and specimen preparation (i.e.,
whether or not the cartilage is left on the subchondral bone) must all be kept in mind
when comparing results among prior studies. In the presence of bone, several
studies have demonstrated that much higher stresses are required to produce the
same level of injury as in cartilage taken off the bone [Jeffery, 1995; Repo, 1977].
These studies may more accurately simulate certain conditions of the joint tissue in
vivo. As a result, the precise strains, strain rates, and stresses reported in our study,
performed with tissue removed from the bone and subjected to unconfined
compression, should not be directly compared to the magnitudes of loading
conditions in vivo. Our experimental design and related model systems used by
others are rather intended to focus on mechanisms relating controlled mechanical
parameters to observed changes in cells and matrix.
These results demonstrate the importance of reporting multiple parameters
(i.e., strain, strain rate, and peak stress) when characterizing the injury to the
cartilage of a single, controlled, compressive load. When cartilage was compressed
to a final strain of 50% at three different strain rates varying over two orders of
magnitude (0.01, 0.1, and 1 s-), the resulting peak stresses varied from
approximately 12 to 23 MPa. There was little measured effect on the tissue when
compressed at 0.01 s 1 but significant injury to the tissue when compressed at 1 s-.
Torzilli et al [Torzilli, 1999] proposes a critical threshold for cell death and collagen
damage in a single impact load at an applied stress of 15-20 MPa, and our data is
consistent with this hypothesis. However, the study by Chen et al [Chen, 1999]
demonstrated that the rate at which stress is applied, in addition to peak stress,
affects the amount of damage to the cartilage matrix, as quantified by swelling, in a
cyclical loading model. One might hypothesize that this result could be expected if
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injury were related to peak power delivered to the tissue, or any suitable
combination of either peak strain and strain rate or peak stress and stress rate. Thus,
our results contribute the importance of specifying the rate at which strain is
applied, but further work, controlling two independent parameters, is required in
order to investigate the full matrix of this factorial hypothesis for single impact
injury.
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Appendix B
Effect of Dynamic Compressive Loading Duty Cycle on In Vitro
Conditioning of Chondrocyte-Seeded Peptide and Agarose Scaffolds
Dynamic mechanical loading has been reported to affect biosynthesis in
chondrocyte-seeded hydrogel scaffolds during short [Buschmann, 1995 Apr; Lee,
1997] and long term culture [Mauck, 2000]. In vitro conditioning of cell-seeded
tissue engineered scaffolds prior to implantation may benefit from long-term (>24
hrs) mechanical loading that increases biosynthesis and accelerates matrix
accumulation relative to free-swell culture. The objectives of this study were (1) to
explore the effects of longer term loading over 3-12 days using various duty cycles
of dynamic compressive loading in an agarose culture system, and (2) to apply an
optimized loading protocol to a chondrocyte-seeded self-assembling peptide gel, a
material under investigation as a potential scaffold for cartilage tissue engineering
[Kisiday, 2001].
B.1 Methods
B. 1.1 Hydrogel Scaffold Seeding and Culture
Bovine chondrocytes were isolated from 1-2 week old calves by sequential
pronase and collagenase digestion. Cells were seeded into 2% agarose or self-
assembling peptide scaffolds as 1.6 mm thick flat slab structures at a concentration
of 15 x 106 cells/ml, as previously described [Kisiday, 2001]. The peptide scaffold
consists of the 12 amino acid sequence -KLDLKLDLKLDL- at a concentration of
0.5%. Seeded gels were cultured in DMEM supplemented with 1% ITS + 0.2% FBS.
B.1.2 Culture Chamber
A new chamber was designed for long-term mechanical compression of
seeded hydrogels (Figure B.1). In the base component, six wells are designed to
hold one 12 mm diameter sample. 13 mm diameter porous platens (40% void, 120
gm pore size) are attached to the lid, aligned co-axially with the center of the wells.
The lid contains a center-mounted spring that aligns with a non-culture well in the
127
base component. In this manner, the spring creates a 400-800 gm gap between the
platens and samples when the lid is unloaded. The chamber is placed in an
incubator-housed loading system [Frank, 2000] to apply dynamic compressive
loading to seeded hydrogels.
B.1.3 Loading Protocol
Experiments used sinusoidal dynamic compression protocols with 2.5-3%
strain amplitude superimposed on 5-7% static offset strain at a frequency of 1.0 Hz.
Loading was applied for 45 min-lhr, after which samples were maintained in free-
swelling conditions for a designated 'off' time by backing the platens several
hundred micrometers off the gels. Such duty cycles are designated as 'on' during
loading, and 'off' during non-loading periods.
B.1.4 Analysis
From each 12 mm sample, up to seven 3-mm plugs were punched for
analysis. Total GAG accumulation (DMMB dye binding) and total protein and
proteoglycan synthesis (3H-proline and 35 S-sulfate radiolabel incorporation) were
measured following proteinase K digestion. Radiolabel medium was analyzed for
macromolecular content by fractionating on Sephadex G25 columns. Seeded peptide
gels were analyzed for scaffold-incorporated macromolecule and low-molecular
weight content: sample digest and SDS- extracted macromolecules were fractionated
on Sephadex G25 columns [Sah, 1989]. For all results, loaded samples were
compared to free-swell control cultures.
B.2 Results
B.2.1 Agarose
Initial studies investigated repeated duty cycle protocols of 1 hour on/1-7
hours off. For each duty cycle, samples were maintained in free-swelling conditions
for 0-28 days after casting prior to loading. Loading was applied for 4-8 days, with
20 hours of radiolabel incorporation at the end of the loading period. All such
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repeated duty cycles decreased radiolabel incorporation to -30-80% of free-swelling
controls. For example, Figure B.2 shows radiolabel incorporation into the agarose
gel for a duty cycles of 1 hour on/7 hours off, and 1 hour on/I hour off (control
value=1). Incorporation increased when loading was applied every other day
(Figure B.3). Here, 3 samples were loaded on day 12 after casting. A loading
protocol consisting of 4 cycles of 0.75 hr-on/5.25 hr-off, followed by 24 hours of no
loading, was applied for up to 12 days. Samples were radiolabeled for 20 hours on
days 15 (non-loading period), 22 (loading period), and 23 (non-loading). Non-
loading periods showed increased sulfate incorporation, and equivalent or decreased
proline incorporation normalized to free-swell control values (control=1).
Radiolabel during loading showed an increase in sulfate incorporation with a
decrease proline incorporation. On day 15, labeled 35 S-macromolecules released to
the medium during the labeling period were only 1-2% of the label incorporated into
the agarose in both loaded and control samples. Despite the higher sulfate
incorporation (Figure B.3), total GAG accumulation was similar at all timepoints.
B.2.2 Peptide Gels
Chondrocyte seeded peptide gels were loaded using the alternate day loading
protocol of Figure B.3 (4 cycles of 0.75 hr-on/5.25 hr-off, followed by 24 hours of
no loading) after 21 days of free-swell culture. Samples were radiolabeled during
loading (day 32) and non-loading (day 27, 33) periods. Sulfate incorporation was
higher than free-swell control samples at all timepoints, especially two-fold increase
during loading. Proline incorporation was similar or less than control values. Total
GAG content was measured on day 32 and 33. In both cases, GAG content was 9%
higher in loaded samples (p=0.005, 0.035). This represents a -20-30% increase in
GAG content during the 12 and 13 day loading periods. The medium was analyzed
for release of sulfate and proline-labeled macromolecules at all timepoints. For both
loaded and control samples, 3 5S-macromolecule release was -1-3% of scaffold-
incorporated sulfate label. Release of 3H-macromolecules was 4-6% of scaffold-
incorporated label in loaded samples, and 10-12% of that in free-swelling controls.
Scaffold-accumulated radiolabel analysis was performed on day 33; Values were
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similar in both loaded and control groups, with -95% macromolecular sulfate and
-86% macromolecular proline in the gels.
B.3 Discussion
As a model system of chondrocyte-seeded hydrogel culture, agarose gels
required alternate day loading in order to increase sulfate incorporation over free-
swelling cultures. However, proline incorporation was at best similar to control
samples, and up to -50% less (consistent with [Lee, 1997]). In contrast to agarose,
sulfate incorporation into seeded peptide gels was maximized during periods of
loading, and total GAG accumulation was higher relative to free-swell controls.
Proline incorporation decreased with loading, although to a less extent than in
agarose. Release of 35S-macromolecules was minimal, and unaffected by loading.
However, release of 3H-proline macromolecules was lower in loaded cultures,
further reducing total protein biosynthesis (scaffold incorporated + macromolecule
released) relative to free-swell controls. The percentage of labeled macromolecules
incorporated into the scaffold is similar to that in agarose [Buschmann, 1995 Apr]
and explant culture [Sah, 1989]. Cell-seeded peptide scaffolds may respond
favorably to more frequent, or daily loading cycles. While mechanical loading
successfully increased proteoglycan synthesis, the cost of decreased protein
synthesis must be evaluated to determine if loading accelerates an appropriate
cellular repair response.
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AB
Figure B.1: A. In the base component, six wells are designed to hold one 12 mm
diameter sample. 13 mm diameter porous platens (40% void, 120 jim pore size) are
attached to the lid, aligned co-axially with the center of the wells. The lid contains a
center-mounted spring that aligns with a non-culture well in the base component. B.
The chamber is placed in an incubator-housed loading system to apply dynamic
compressive loading to seeded hydrogels.
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(Mean+/-S.D., n=7;
control vs. * p<0.05; ** p<0.01)
03H-Proline
* 35S-Sulfate
**
,*
1 hr on/7 hrs off
Days 27-34
1 hr on/1 hr off
Days 9-12
Figure B.2: Agarose-Repeated duty cycle for 8 and 4 days. Such repeated duty
cycles decreased proline and sulfate radiolabel incorporation to -30-80% of free-
swelling controls.
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Figure B.3: Agarose-Loading started on day 12. A loading protocol consisting of 4
cycles of 0.75 hr-on/5.25 hr-off, followed by 24 hours of no loading, was applied
for up to 12 days. Samples were radiolabeled for 20 hours on days 15 (non-loading
period), 22 (loading period), and 23 (non-loading). Non-loading periods showed
increased sulfate incorporation, and equivalent or decreased proline incorporation
normalized to free-swell control values (control=l). Radiolabel during loading
showed an increase in sulfate incorporation with a decrease in proline incorporation.
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Figure B.4: Peptide-Loading started on day 22. A loading protocol consisting of 4
cycles of 0.75 hr-on/5.25 hr-off, followed by 24 hours of no loading, was applied
for up to 12 days. Sulfate incorporation was higher than free-swell control samples
at all timepoints, especially two-fold increase during loading. Proline incorporation
was similar or less than control values.
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Appendix C
Detailed Description on the Unit Cell Model
In Chapter III, the shear moduli of cartilage as a function of ionic
concentration were calculated using the energy method; the electrical component of
shear stress was calculated by differentiating the electrostatic free energy with
respect to the applied shear strain. It was assumed in Chapter III that the change in
the ensemble free energy could be obtained from the case where the GAG axis is
oriented perpendicular to the plane stress element that is under pure shear strain.
Here we present the detailed methods for calculating the change in the free energy
and the shear modulus considering random orientations of GAGs.
Unit cell models have been used for the estimation of various macroscopic
properties including hydraulic permeability [Happel, 1958; Happel, 1959; Quinn,
2001], electrokinetic coefficients [Eisenberg, 1988], and electrostatic contribution to
equilibrium compressive modulus [Buschmann, 1995]. In a recent study by Quinn et
al [Quinn, 2001], the unit cell model representing GAG molecules was extended to
account for the effect of macroscopic deformation on changes in the probabilistic
distribution of GAG orientation and average distances between neighboring GAG
molecules.
The displacement gradient tensor (D) may be decomposed, additively, into
symmetric and antisymmetric (DAS) tensors, and the symmetric component can be
further decomposed into isotropic (D, ) and deviatoric (DD) tensors [Quinn, 1996];
= 1 =T trace(D) = =T trace(D)=D=-[D-D ]+ I +([D+D ] I)
2 3 3 (1)
Antisymmetric Symmetric: Isotropic Symmetric:Deviatoric
=DAS+Di +DD
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the deformation gradient tensor (F) can be decomposed,
multiplicatively, into the anti-symmetric, isotropic, and deviatoric tensors in the
limit of small strain [Malvern, 1969],
F FFD
F FAsFiFD
for symmetric F
for non-symmetric F
where F, = D1 + I, FD = DD +I, and FAS = DAS +I.
(2)
The multiplication
decomposed tensors is permutative.
As an example, let's consider a material that is under compression (.633 = E
and shear (E3, = y ) at the same time. Let Xi and xi indicate the position vectors of
material points in the initial and deformed configuration, respectively. Then the
following relations hold:
x-= X 1 +yX3
x 2 =X2
X3 X3 +e X3
(3)
and the deformation gradient tensor is obtained as
1
F= 0
[0
0 y 0
1 0 0 1
0 i+e -Y/2 0
y/2 1
0 0
1 i y/2
0 y1 2
1 0
0 1+EJ
0 y/2 3-E/3
1 0 0
0 1 y/2
0 y/2 11+E/3
1-e/3 0 0
0 1+2E/3 0
0 0
e/3 0
0 1+E/3 1
=FAs FDFi
(4)
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C. 1 Unit Cell and Deformation Models
A GAG molecule can be modeled as a unit cell whose geometry is specified
by a set of vectors defining the orientation of the GAG, the radius of the GAG, and
the average distance between neighboring GAG molecules. The representation of
the GAG by a cylindrical rod with a constant radius may be extended to a
deformable body. In addition to these set of vectors, the probability distribution of
the orientation of the axis vector needs to be determined to describe the three
dimensional state of GAG molecules. First, we introduce notations that will be used
to describe the unit cell. Then we present two different deformation models (Model
I & II) and formulate the corresponding effects of macroscopic deformation on the
unit cell.
The unit cell is to be described by the axis vector, L, a set of vectors
defining the unit cell boundary, Lr, and the probability distribution function,
P(F,O,q) (Figure C.1). L, and L, can be expressed in Cartesian coordinates as
[Quinn, 1996],
Z (I, sin 0 cos 0+ I, sin 6 sin $+ i cos&)
Zr = L (",(cos 0cos cos p -sin$ sin p)
= 1 -:1(5)
+ I, (cos6 sin 0 cos p + cos 0 sin p)
+ (- sin 0 cos p))
where 0 and 0 correspond to the polar and azimuthal angles of the sphere,
respectively. If the system is in equilibrium before deformation, the initial
distribution P(F= I,0,) is spherically isotropic since there is no preferred
direction for randomly oriented axis vector Lz. The integration of the probability
over the spheroid surface, before deformation, or over entire probable space, after
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deformation, should be equal to unity. The integration of the probability over the
spheroidal surface before deformation becomes,
I= P(F= I,0,p)dA=
S
S I 1
.. P(F =I )=
Z
27r7
f JP(F = I , ,0)sin OdOdO = P(F = I).41r
0 0
Z
(0,$)
k
0
Lr (0,$,
X
A
......................p)
Figure C. 1: Unit cell geometry is described by L , the axis vector, and Lr, a set of
vectors representing the unit cell boundary. The overall orientation of the GAG will
be described by the angles 6 and 0 of the vector Lz. Macroscopic deformation is
assumed to change (1) the angles 0 and 0 of L, and (2) the orientation and the
magnitude of L, [Quinn, 1996]. The effect of macroscopic deformation is assumed
to keep the magnitude of Lz, the radius of the GAG, and surface charge density
constant.
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X
B
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.*
Lz
Following deformation (F) all unit cell vectors in dA are rotated to in dAd,
hence:
P(F = I,0,$)-dA=P(F,0,$)-dAd (7)
Among the decomposed deformation gradient tensors, the deviatoric deformation
gradient tensor is the only component that affects the probability. This ensures that
the volume that is enclosed by the surface (which represents the probability area
density) is incompressible. Therefore, if we assign r and rd to represent the radius of
the infinitesimally small volume of cone-shape element before and after
deformation, respectively, the requirement of volume conservation should satisfy:
r3dA =rdAd (8)
where rd= = D r r D .
Equations C.6, C.7 and C.8 lead to
dA 1 =
P = P -- A--I F D * (9)dAd 41r
In general, to calculate the ensemble average of thermodynamic properties of
a given system, we need to integrate the properties at a specific state weighted by
the probability of its existence. In the present problem, the ensemble free energy is
calculated as:
G(F) = g(F,O,)P(F,,)dA = ffg(F,,q)P(F,O,4)sin6dOdO (10)
S 0 0
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Since the free energy, g, is obtained by numerically solving the Poisson-Boltzmann
equation, the integration, shown above, should be calculated numerically by
discretizing 0 and 0.
The natural way to describe the deformation of the unit cell due to
macroscopic deformation (r: the radius of the GAG surface whether it is deformable
or not; L,: the axis vector; Lr: a set of vectors defining the unit cell boundary) may
be to change the magnitude and the orientation of the vectors accordingly.
Mathematically, this is equivalent to the operation of multiplication of the vector by
the deformation gradient tensor. However, such mathematical operations must be
consistent with the physical assumptions about the properties of GAGs and the
associated vectors: (1) L, and Lr define the macromolecule and fluid phases,
respectively; (2) the magnitude of L, can be related to either the entire length of the
GAG chain, a length that is on the order of the persistence length, or segments of
GAG that is stretchable or compressible. In the following two different deformation
models will be presented.
The first model (Model I) was developed by Quinn et al. [Quinn, 1996] and
provides the basis for Model II. Both models assume that GAGs are rod-like;
therefore macroscopic deformation only affects the orientation of L, while its
magnitude remains constant. In Model I, all unit cells are assumed to have the same
volume. It is also assumed that each unit cell in the assemblage responds to
mechanical deformation in a manner that is independent of its neighboring unit
cells, which leads to the conclusion that each cell must have a same ratio of fluid to
solid as the whole assemblage. Therefore each unit cell experiences a coupled strain
from macroscopic deformation and the deformation needed to satisfy the above
requirements. Quinn et al. [Quinn, 1996] proposed that the extra strains needed to
satisfy these requirements would be similar in character to what actually happens in
mechanical deformation of hydrogels. However, in the present study, we assumed
that the deformation of unit cell is determined by solid network of collagen and,
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therefore, the L, follows the macroscopic deformation without any coupled
deformation. These assumptions allow local variances in the unit cell volume and
the volume ratio of solid to fluid, while the volume ratio of solid to fluid of the
whole assemblage changes consistently with the imposed macroscopic deformation.
Given this model, it should be verified that, for example, isotropic deformation
should induce proportional changes in the unit cell volume and the volume ratio of
solid to fluid for the whole assemblage while deviatoric deformation should not
change these quantities.
C.2 Mathematical Descriptions on the Deformation on Unit Cells
As before the macroscopic deformation gradient tensor is decomposed into
antisymmetric, deviatoric, and isotropic tensors. As the antisymmetric tensor
represents a solid body rotation that does not induce any change in the probability
and magnitude of any unit cell vector, the effect of deformation tensor is considered
sequentially, first by isotropic and then by deviatoric components (notations used:
change in the subscript of vectors due to deformation gradient tensor,
Vo F "V F, )Vd; V , unit vector along V).
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F = FAsFDFI
Model I
Fi :L= Lzo;L, _=(I+3/2.D).Lo
r = roa = a
FD : Lzd =FD Lzc;Lrd =(I- d .d D *Lr '1/2
rd = r;CGd Cr
Model II
F1 :Lz Lzo;Lr £(I+3/2.D)Lo
r = r o
FD : Lzd = F D .Lz _; Lrd =(I - L d - Lzd).FD -Lr
rd r;a -d a
where ( FdLz , r, the radius of GAG, a, the surface charge density.
(11)
In Model I&II, using the deformation gradient tensor, the effect of an
isotropic deformation on Lr is written as (I+312-D)-Lr0 . The factor of 3/2
multiplying the isotropic displacement gradient tensor is needed to satisfy the
volume requirement since it was assumed that the length of Lz is maintained
constant under macroscopic deformation. The tensor, - T - , is multiplied to
have the projection of Lrd onto the plane perpendicular to Lzd which, therefore,
ensures that Lrd is perpendicular to Lzd. In Model I, the requirements of equal
volume and equal volume ratio of fluid to solid for all unit cells are achieved by
using the factor 41/2 to calculate Lrd. This can be seen as the volume integral of the
unit cell, [ 1/2j Lrd(p,,0 2 dp]Lzd 1, becomes constant independent of position (0,
0
0). In contrast, the factor, 4012, is missing in Model II. In the following example it
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will be shown that the deviatoric deformation gradient tensor preserves the overall
unit cell volume.
To illustrate the consequences of allowing local variances in the unit cell
volume, imagine a unit cell aligned along the x, y, or z-axis that is expressed as (0,
0) = (0, any angle), (n/2, 0), or (it/2, n/2). Figure C.2 shows the respective changes
in the unit cell boundary in response to a pure shear strain, a combination of
compression along x-axis (-5%) and tension along y-axis (-5%). Allowing variations
in the fluid content results in (1) the fluid-volume conserving deformation at (0, any
angle), (2) stretching of the boundary along the y-axis at (7t/2, 0), and (3)
compaction of the boundary along the x-axis at (7c/2, 7r/2). In contrast, requiring
constant unit cell volume of every unit cell during deformation leads to the
simultaneous stretch-compaction of the unit cell boundary even at (7c/2, 0) and (n/2,
n/2) (Figure C.2).
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Figure C.2: The comparison of the deformed unit cell boundary between the Model
II (A: allowing variation in the volume of unit cells) and the Model I (B: requiring
constant volume for each unit cell during deformation) for cases where the unit cell
axes are oriented along x, y, or z.
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C.3 Application to torsional shear deformation
In Chapter III, the shear modulus of cartilage specimens was measured using
a torsional configuration at 10% uniaxial compressive offset. The deformation
gradient tensor can be defined to represent the macroscopic deformation imposed on
the specimens:
1 0
F= 0 1
LO 0
1
0
-y/2
0
1+Ej
0 y/2 1-E/3
1 0 0
0 1 y/2
0 y/2 1+e/3
1-e13 0 0
0 1+2E/3[ 0
0 0
1+e/3 0
0 1+E/3j
=FAsFDFi
(12)
Due to the deviatoric gradient tensor, the probability distribution of L,
P (0,0)= PO - Fd - L,
3
changes to
1
=---[1+3sin cosocos8 -y+(3cos 2 6 -1). e]
4;c
(13)
which applies to all two models.
The following equations summarize the effect of the macroscopic torsional shear
deformation on Le, Lr,, r, and T based on the two different deformation Models I&
II.
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Model I:
LZH = H -,O r = Lro (1+1/2.e)-,r- r = r,; ad =a
jLrd ILrL (1 + cos 2p sin 2 & -/2 + (sin 2p sin 0 sin 0 - cos 2p cosO sin0 cos4$)- y/2)
Model II
Lzd =LZ LZO; LrILr0-(l+1/2c); r r r a =a -o
Lrd = Lr -(1+(cos 2 psin2 0-l/3)-+sin~cosp -(sinpsin -cosOcosOcosp).y)
(14)
Due to the isotropic deformation gradient tensor, the volume of unit cells
decreased by E, which can be expressed as Lr L = C(1 ). IL -L o for all
models. It is necessary to verify that the overall volume of total unit cells is
preserved under the deviatoric deformation gradient tensor, and it can be shown that
21r r 22-
f J[J 1/2-rd(p,0,O) dp] Lzd I (&, )sin0 dOdo = ) Lr
0 0 0 Probability Distribution
2-1 (15)
The solid volume is assumed to be conserved irrespective of
deformation,
macroscopic
rd -Ld = r2 _ = 2 L o (16)
C.4 Derivation of the Macroscopic Free Energy by Probabilistic
Averaging at a Microscopic Level
The averaged total free energy (G) is obtained by the probabilistic averaging
of the free energy (g) of randomly oriented unit cells,
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G(F) = g(F,6,O)P(F,0,)dA =
S
N M0
=I g (F, j,$ O)P(F, Oj,$
J=O i=0
f fg(F,0, q)P(F,0, 0)sin OdOdp
0 0
j)sin0 1rM N
C.5 Calculation of the Shear Modulus
The equilibrium shear stress is calculated using Equation 3.14, and the slope
of the computed stress vs. strain curves gives the equilibrium shear modulus. As the
ionic concentration increases above 0.5M, the electrical contribution to the
equilibrium shear modulus becomes negligible compared to the non-electric
contribution, which is assumed to be mostly from collagen network.
Table C. 1: The equilibrium shear modulus was calculated as functions of ionic
concentrations and GAG contents using Model I and Model II.
Model 11 GAG {mgmW 1
0.01 M
0.05M
0.15M
0.5M
1.OM
Model I GAG [mg/ml
0.01M
0.05M
0.15M
0.5M
1.OM
4b 50 60 7 0
255.5 342.4 437.8 543.4 658.7
166.2 248.7 339.9 441.3 549.4
62.0 114.9 183.1 265.0 355.5
5.9 15.3 32.7 60.4 99.1
1.0 2.5 6.4 13.2 25.4
40 50 60 0 8 0
115.2 155.5 198.8 248.0 295.3 354.3
79.7 118.2 160.1 208.4 261.1 314.9
33.8 60.5 94.7 134.6 183.7 235.2
3.3 9.0 18.6 34.2 56.2 84.5
0.3 1.8 3.8 7.4 14.6 25.4
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(17)
100
415.2
379.3
291.6
119.8
41.6
110
485.8
444.5
352.7
162.6
62.5
120
557.6
513.1
423.3
211.7
90.3
C.6 Comparison of the Theoretical Calculation to the Experimental
Measurements
The calculated shear modulus is optimized with CGAG and Gne as fitting
parameters to give the best fit to the experimental measurements. Using the
technique described in 3.2.3, the optimized values for Model II are CGAG = 57 mg/ml
(at 0% compressive offset) and Gne = 173 kPa, and CGAG = 100 mg/ml (at 0%
compressive offset) and Gne = 108 kPa for Model I. The measured GAG
concentration in new-born calf femoropatellar groove cartilage has been reported
previously to be 5.6±0.6 % by wet weight [Sah, 1989] which is very close to the
best fit value obtained using the Model II. The value of Gne obtained by
extrapolating the measured equilibrium shear modulus above 1.0 M NaCl
concentration as well as by independent measurement (see p.58) is around 150 kPa,
which is more closer to the value predicted by Model II.
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Figure C.3: The theoretical prediction (Model I&II) is compared to the experimental
measurements. The optimized value of GAG concentration were within
physiological ranges for Model II. The good prediction between the theory and the
experiment supports the hypothesis that the microscopic rearrangement of GAG
molecules during macroscopic deformation is an important determinant in shear
properties of cartilage.
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Appendix D
Experimental Protocol
D.1 Western Blot
ERKl/2s (or MAPK) function in the protein kinase cascade that plays a
critical role in the regulation of cell growth and differentiation. ERK1/2s are
activated by a wide variety of extracellular signals including growth and
neurotrophic factors, cytokines, hormones, and neurotransmitters (molecular weight
42, 44 kDa). Activation of ERK1/2 occurs through phosphorylation of threonine and
tyrosine at the sequence TEY by a single upstream MAPK kinase (MEK). The
SAPK/JNK pathway is homologous to the MAPK pathway in its overall form but is
activated by largely distinct stimuli (MW; 46, 54 kDa). A variety of extracellular
stimuli activate the JNK pathway including inflammatory cytokines, UV light,
inhibitors of protein synthesis and osmotic stress. Inflammatory cytokines such as
TNF-cx and IL-1 appear to activate this pathway via the Rac/Rho family of small
GTP binding proteins, whereas inhibitors of protein synthesis and UV light appear
to act independently of Rho and Rac. Activated MEKK1 phosphorylates SEKI (also
known as MKK4), which in turn activates JNK. p38 MAP kinase is the mammalian
homologue of the yeast HOG kinase and participates in a cascade controlling
cellular response to cytokines and stress (MW; 43 kDa). Like the JNK pathway, p38
MAP kinase is activated by a variety of cellular stresses including osmotic shock,
inflammatory cytokines, UV light, and growth factors.
The following protocols are optimized for detecting phosphorylated or total
ERKl/2, p38, and JNK within native cartilage tissue.
D.1.1 Protein Extraction
1. Immediately after loading (preferably, 6-12 disks of 3 mm dia by 1mm thick
per each condition), remove excess media by gently patting specimens with
sterile gauze.
2. Transfer the specimens to 1.5-2 ml cryovials
3. Flash freeze by plunging the vials into liquid nitrogen for 10 to 20 seconds.
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4. Stored the vials at -80'C until protein extraction step.
5. Before starting extraction, prepare homogenization buffer (HB, see the
below).
6. Prepare pulverizer and homogenizer. These tools can be cleaned with ethanol
or preferably be autoclaved.
7. Pulverize 6-12 specimens at each time by pounding the pulverizer post about
6 times with hammer. The pulverizered specimens become a tablet shape.
8. Transfer the tablet into 10 ml tube.
9. Add 100 gl of the HB per one disk into the tube
10. Homogenize the samples for about 30 seconds at a medium speed. Always
keep the tubes within ice during homogenization step.
11. Remove any residual cartilage powder from the pulverizer. Plunge the
pulverizer into liquid nitrogen and proceed to the next sample.
* 4-6 groups of specimens may be pulverized serially and then homogenized.
Homogenizer should be cleaned by washing with dH20 two to three times.
Remove excess water before homogenization.
12. Homogenates are extracted by end-over-end rotation for 1 hr at 4'C and
clarified by centrifugation at 13,000 g for 1 hour at 4'C.
13. Transfer 100-150 gl aliquot of clear liquid phase into eppendorf tubes. Each
tube may be used for protein quantification and Western blot for several
target proteins.
Homogenization buffer (HB): 20mM Tris pH7.6, 120mM NaCl, 10mM
EDTA, 10% glycerol, 1% NP-40: the following chemicals should be added fresh
right before the extraction step.
100mM sodium fluoride (NaF), 10mM sodium pyrophosphate (Na 4P 2 0 7 ),
1mM phenylmethylsulfonyl fluoride (PMSF) (dissolve in ethanol or isopropanol),
2mM sodium orthovanadate (Na 3 VO 4 ), 40ug/ml leupeptin
NaF stock is prepared as loX and sodium orthovanadate, which is hard to
dissolve, is added directly to the HB. Everything else is stored as 1OOX. All the
chemicals are dissolved in dH 20 except PMSF in organic solvent. As proteases
inhibitors, EDTA inhibits the activity of metalloproteases, PMSF and leupeptin
against serine and cysteine proteases. Sodium fluoride, sodium orthovanadate, and
sodium pyrophosphate inhibit the activity of diphosphatase. Note that PMSF is
stable less than an hour at room temperature.
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D.1.2 Protein Quantification
The amount of total protein is quantified using BCA protein assay reagent kit
23227 (Pierce). In brief, when Cu+2 is reduced to Cue' by protein, the purple-color,
which is formed by the chelation of two molecules of BCA with one cuprous ion, is
measured at 562 nm using a spectrophotometer. For the measurement one can use
the Elmer or the Maxy (for triplet measurement prepare x4 volume for the Elmer
and x5 for the Maxy) shown as the table below. First make the working reagent
(WR) by mixing 50 parts of Reagent A and 1 part of Reagent B using a magnetic
stirrer at least half an hour. Add samples or standards into the WR and incubate
them for 30 min at 37 0 C. Measure the absorbance at 562 nm.
Table D. 1 Preparation of the albumin standards and the samples for BCA assay
Elmer (1 ml) at 562 nm: STD 1 mg/ml
X1 X4 Sample
STD HB H 20 STD HB H20(gi oror g(pr ) (p ) (l or pig) (pA) (pA)
0 12.5 35.1 0 50 140.4
0.5 12.5 34.6 2 50 138.4 43.8ul
2.5 12.5 32.6 10 50 130.4 + 122.92 H2 0
5.0 12.5 30.1 20 50 120.4
12.5 12.5 22.6 50 50 90.4
25.0 12.5 10.1 100 50 40.4
47.6 l + 952.4 pl of WR
Maxy (350 ul) at 562 nm: STD I mg/ml
X1 X5 Sample
STD HB H2 0 STD HB H20(O or 41) (gl) (jil or pg) (pA) (A)
tg)
0 4.38 12.3 0 21.88 61.43
0.18 4.38 12.1 0.88 21.88 60.55 19.2ul
0.88 4.38 11.4 4.38 21.88 57.05 + 53.8 H20
1.75 4.38 10.5 8.8 21.88 52.68
4.38 4.38 7.9 21.88 21.88 39.55
8.75 4.38 3.5 43.75 21.88 17.68
16.66 1 + 333.3 1 of WR
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Convert optical density (OD) of samples into concentration (gg/ml) using the
calibration curve and accounting for the dilution factor, 80 (for Elmer:
1000 350
47.6x 43.8 for Maxy: 19.2 
). The expected amount of total
43.8 +122.92 19.2+53.8
protein is between 50-100 pg/plug or 0.7%-1.4% (w/w).
D.1.3 Gel Electrophoresis
1. Set up glass plates. Make it sure there is no leak through the bottom of the
glass plates.
2. Insert a comb and mark the line 0.5 cm below the end of the comb.
3. Pour the resolving gel up to this line.
4. Add a thin layer of dH 20 on top (500 pl at each side) of the resolving gel.
5. Remove the water when the resolving gel get polymerized.
6. Pour the stacking gel and shake comb up and down gently to remove air
bubbles, if any, beneath the comb.
7. When the gel get polymerized, pull the comb by jiggling (don't pull it
straight!). Then rinse each well with lx running buffer using a syringe.
8. Prepare the samples and the molecular markers for the loading. In this study,
120 gl of samples containing 20pg total protein, the HB buffer, and Laemmli
buffer (2 or 4X containing 400 mM SDS) were loaded into the each lane.
9. Boil samples 3-5 min at 100 0C on a heating block.
10. Load the samples and the molecular markers. Don't have blank lanes
between samples as samples nearby diffuse toward the empty lanes. Use the
HB and Laemmli buffer to fill up any empty lanes.
11. After loading all lanes, top off each lane with 1 x Running buffer carefully.
12. Run the electrophoresis. Running time can be controlled by adjusting the
input power.
" Resolving gel (10%): total volume 60ml (20ml of 30% Acrylamide; 15ml of pH
8.8 buffer (1.5 M Tris-4% SDS); 6 ml of Glycerol; 19 ml of dH 2O); Stir the
solution for 2-3 min. Add 150 gl of a 10% ammonium persulfate and 75 pl of
TEMED. Stir for additional 10-20 seconds. Pour gel as soon as possible
* Stacking gel (4%): total volume 30 ml (4ml of 30% Acrylamide; 7.5ml of pH 6.8
buffer (0.5 M Tris-4% SDS); 3 ml of Glycerol; 15.5 ml of dH 2 O); Stir the
solution for 2-3min. Add 90 pl of ammonium persulfate 45 p1 of TEMED. Stir
for additional 10-20 seconds. Pour the solution up to the very top of glass plates.
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D.1.4 Transferring gels to Nitrocellulose paper
1. Set up a large pan with transfer buffer (see below) and let buffer sit to get rid
of bubbles
2. Prepare gel blot filter paper cut to fit slightly smaller than the size of sponge.
Prepare the nitrocellulose paper and mark the date, name, and identity at
lower left corner using a pencil.
3. Inside the transfer cassette, place sponges and filters at both sides and then
nitrocellulose paper. Soak everything with a transfer buffer.
4. Disassemble the gel apparatus and glass plates. Lay the glass plates flat on
bench top and using a wedge-shaped spatula pry the plates apart carefully.
5. Remove the stacking gel. Invert the plate with the gel over the transfer
buffer, and gently release one corner of the gel into the buffer and the rest of
the gel should free itself.
6. Position the gel over the nitrocellulose paper. Run finger over gel gently to
remove any bubbles between the gel and paper.
7. Make sure the order is correct: positive electrode-cassette-sponge-filter
paper-nitrocellulose paper-gel-filter paper-sponge-cassette-negative
electrode. Close the cassettee and assemble the system.
8. Pour the transfer buffer right above the top of the cassette.
9. Run the transfer blot about 1-1.5 hrs at 100-150 Watt. Use appropriate
cooling system.
D.1.5 Western Blot
1. Pull out transfer components and the transfer buffer can be reused for up to 5
times.
2. Remove the nitrocellulose blots carefully and place them in plastic box with
dH 20. Rinse for 5 min, shaking, at room temperature (RT).
3. Blocking nonspecific binding: Incubate the blot with TBST (see below)+5%
BSA at 37'C. Place the plastic box with the blot and the shaker into the
incubator and shake the box for 2 hrs.
4. Primary antibody incubation: Incubate with desired antibody dissolved in
TBST+5% BSA (1:1000 dilution) overnight at 4'C (may need to optimize for
specific antibody). This antibody solution can be used up to 20 times.
5. Wash the blot with TBST for 5x10 mins.
6. Secondary antibody incubation: Incubate the nitrocellulose for 1 hr at RT.
7. Wash with TBST for 5x10 mins. Last 5 min wash in TBS.
8. Prepare cassette, film, tweezer, filter paper, and 10 ml part A and 10 ml part
B chemiluminescence reagent (ECL) into separate tubes. 20 ml ECL is
enough for two blots.
9. Insider a dark room: Throw out the last washing buffer. Pour 20 ml of ECL
solution (10 ml of part A and part B each) into the plastic box containing
blots. Several blots can be placed in one box. After one-minute reaction with
ECL, take out the blots and dry the excess solution with filter paper. Place
the blots in between transparent sheet protector and put them inside the
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cassette. Expose onto the autoradiography film for varying time depending
on the intensity of bands. Develop the film and quantify.
D.1.6 Buffers
" pH 8.8 buffer (for 500 ml): [1.5 M Tris, 0.4% SDS]; Dissolve 90.75 g of Tris in
400 ml of dH 20 and pH to 8.8 with HCl. Add 2 g of SDS. Bring up to 500ml
with dH 20. Store at 4'C.
- pH 6.8 buffer (for 250ml): [0.5 M Tris, 0.4% SDS]; Dissolve 15 g of Tris in 200
ml of dH 20 and pH to 6.8 with HCl. Add 1 g of SDS. Bring up to 250 ml. Store
at 4'C.
- Running buffer (for 5x, 10 L); 150 g of Tris, 720 g of Glycine, and 50 g of SDS.
pH should be about 8.6. Store at RT.
- 4x Laemmli buffer (for 50 ml); 20 ml of Glycerol, 4 g of SDS, 25 ml of "pH 6.8
buffer", and bring up to 50 ml with dH 20. pH should be around 6.8. Add 10 mg
of Bromophenoblue. Store at RT. Be sure to add 100 mM DTT to the samples
before loading into the gel.
- Transfer buffer (for 6 L); 1200 ml of "5x Running buffer", 1200 ml of MeOH,
and 3600 ml of dH 2 0. Store at RT.
- TBS (10x, for 4 L); 96.8 g of Tris (0.02 M Tris at Ix), 320 g of NaCl (0.14 M at
lx), and pH to 7.6.
- TBST; TBS with 0.1% Tween.
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D.2 RT-PCR
The following protocols are optimized for detecting the level of mRNAs
(typically target mRNAs are col2, coll, aggrecan core, G3PDH, EFlct) that are
extracted from native bovine cartilage tissue. Rneasy Mini Kit (Qiagen, #74104) and
GeneAmp Gold RNA PCR Kit (PE Biosystems) were used for RNA extraction and
PCR, respectively.
D.2.1 Total RNA Extraction
1. Immediately after loading (preferably, 6-12 disks of 3 mm dia by 1mm thick
per each condition), remove excess media by gently patting specimens with
sterile gauze.
2. Transfer the specimens to 1.5-2 ml cryovials.
3. Flash freeze by plunging the vials into liquid nitrogen for 10 to 20 seconds.
4. Store the vials at -80'C until RNA extraction step.
5. Prepare pulverizer and homogenizer. These tools should be autoclaved.
6. Pulverize 6-12 specimens at each time by pounding the pulverizer post about
6 times with hammer. The pulverizered specimens become a tablet shape.
7. Transfer the tablet into 10 ml tube.
8. Add 100 pl of the TRIzol reagent per one disk into the tube
9. Homogenize the samples for about 15 seconds at a medium speed. Always
keep the tubes within ice during homogenization step.
10. Remove any residual cartilage powder from the pulverizer. Plunge the
pulverizer into liquid nitrogen and proceed to the next sample.
* 4-6 groups of specimens may be pulverized serially and then homogenized.
Homogenizer should be cleaned by washing with RNase-free water two to three
times. Remove excess water before homogenization.
11. Transfer liquid to the Phase Lock Gel tubes and add 10% v/v chloroform.
Gently mix by inverting the tube.
12. Centrifuge the tubes for 10 min at 13,000 g at 4'C.
13. Collect the clear liquid phase and transfer them to the 1.5 ml Eppendorf tube.
14. Adjust sample to a volume of up to 200 g1 with RNase-free water, add 350 g1
RLT (P-Mercaptonethanol (bME) must be added to RLT before use. Add 10
pl bME per 1 ml of RLT. The solution is stable for 1 month) to the sample,
and mix thoroughly.
15. Add 250 pl ethanol (96-100%) to the lysate, and mix well by pipetting.
16. Apply sample (700-800 pl) to an RNeasy mini spin column sitting in a
collection tube. Centrifuge for 15 sec at > 8,000 g or maximum speed of
microcentrifuge. Discard flow-through and collection tube.
* All centrifugation steps should be performed in a microcentrifuge at RT.
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17. Transfer the RNeasy column into a new 2 ml collection tube. Add 500 gl
RPE and centrifuge for 15 sec at > 8,000 g to wash.
18. RNase-free DNase set protocol: Pipet 350 gl RWI into the spin column, and
centrifuge for 15 sec at > 8,000 g to wash.
19. Add 10 R1 DNase I stock solution to 70 pl Buffer RDD (which is stored at
4'C). Mix by gently inverting the tube.
20. Pipet the DNase I incubation mix (80 pl) directly onto the spin column
membrane, and place on the benchtop (20-30'C) for 15 min.
21. Pipet 350 gl RW1 into the spin column, and centrifuge for 15 sec at > 8,000
g to wash. Discard flow-through and collection tube.
22. Place the spin column in a new 2 ml collection tube. Pipet 500 gl of RPE into
the spin column, and centrifuge for 15 sec at > 8,000 g to wash. Discard
flow-through and reuse the collection tube.
23. Pipet 500 pl of RPE onto the RNeasy column, and centrifuge for 2 min at
maximum speed to dry the RNeasy membrane. Following the spin, remove
the RNeasy column from the collection tube carefully so that the column
does not contact the flow-through as this will result in carryover of ethanol.
24. Transfer the RNeasy column into a new 1.5 ml collection tube, and pipet 30
gl of RNase-free water directly onto the RNeasy membrane. Centrifuge for 1
min at > 8,000 g to elute.
25. Isolated total RNA may be stored at -70'C desolved in water. Under these
conditions, degradation of RNA is minimal even up to several months.
26. The concentration and purity of RNA can be determined by measuring the
absorbance at 260 nm and 280 nm in a spectrophotometer. An absorbance of
1 unit at 260 nm corresponds to 40 jig of RNA per ml. The ratio between the
readings taken at 260 nm and 280 nm provides an estimate of the purity of
RNA. Pure RNA has an A260/A280 ratio of 1.8-2.1 in 10mM Tris-Cl, pH 7.5.
Typically total RNA yield is between 10-50 pg/g of tissue.
D.2.2 Reverse Transcription (RT)
The following protocol for the RT step is based on 40 Rl reaction volume.
The amount of total RNA for making cDNA is preferably between 0.25-1.0 jg. It is
convenient to make a master mix including every components below except RNA
and split into separate tubes. Then RNA can be added to each tube.
Table D.2 RT Reaction Mix
Component Volume/Tube Final Concentration
(WA)
Total RNA adjusted with water 21.4
loX RT-PCR buffer 4 iX
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25 mM MgCl 2  4 2.5 mM
10 mM dNTP blend 4 1 mM (250 pM of each
dNTP)
RNase Inhibitor 1 20 Units/ 40 gl
100 mM DTT 4 10 mM
Oligo d(T)16  1 1.25 [LM
MultiScribe Reverse 0.6 30 Units/ 40 [1
Transcriptase (50 Units/l _
Total 40
Thermal cycling parameters for the RT steps are 1) hybridization at 25'C for 10
min and 2) reverse transcription at 42'C for 12 min.
D.2.3 PCR
The PCR parameters needs to be optimized for each gene are the amount of
primers, the number of PCR cycles, and annealing temperature.
Table D.3 PCR Reaction Mix
Component Volume/Tube Final Concentration
(Wu)
RT reaction 2
RNase-free water 15
loX RT-PCR buffer 2.4 IX
25 MM MgCl 2  1.6 1.75 mM
10 mM dNTP blend 1.9 0.8 mM (200 gM of each
dNTP)
15 jiM Gene specific upstream 1 (stock: 10 piM) 0.4 gM
primer (can vary between 0.1-0.5
gM)
15 jM Gene specific 1 0.4 jiM
downstream primer
AmpliTaq Gold DNA 0.25 1.25 Units/25 g1
Polymerase (5 Units/) _)
Total -25
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Thermal cycling parameters for the PCR steps are 1) AmpliTaq Gold Activation at
95'C for 10 min 2) 20-40 cycles of denaturation (94'C for 20 sec), annealing (at
melting temperature of specific primers for 45 sec), and extending (72'C for 45
sec).
D.2.3 Gel Electrophoresis and Quantification
1. Make 2% agarose gel: Weigh 2 g of agarose powder and add to glass flask
containing 100 ml of IX TBE buffer (0.09M Tris Borate, 0.002 M EDTA, pH
8.3), which is adequate for one gel. Heat the agarose solution in a microwave
for about 3-5 min to melt the agarose.
2. Add 1-2 p1 of ethidium bromide or CyberGold dye to the agarose solution.
Mix by gently swirling the flask.
3. Pour the gel solution into the gel casting tray. Place combs.
4. When the gel has solidified, remove the comb, and insert the tray to the
electrophoresis chamber. The TBE buffer should be above the gel surface.
5. Mix the samples with the loading dye. Load the samples, typically 20-25 p1,
and DNA ladder. Run the gel at around 100 V.
6. When adequate migration has occurred, visualize the bands by placing the
gel on a ultraviolet transilluminator. Take a picture and quantify.
159
References
1. Allison SA. The primary electrovisoucs effect of rigid polyions of arbitrary
shape and charge distribution. Macromolecules. 1998 Jul 14;31(14):4464-
4474.
2. Anand L. A constitutive model for compressible elastomeric solids.
Computational Mechanics 1996 Sep; 18(5):339-355.
3. Atley LM, Sharma L, Clemens JD, Shaffer K, Pietka TA, Riggins JA, Eyre
DR. The collagen II CTx degradation marker is generated by collagenase 3
and in urine reflects disease burden in knee OA patients. Trans Orthop Res
Soc 2000. 25:168.
4. Basser PJ, Schneiderman R, Bank RA, Wachtel E, Maroudas A. Mechanical
properties of the collagen network in human articular cartilage as measured
by osmotic stress technique. Arch Biochem Biophys. 1998 Mar
15;351(2):207-19.
5. Bateman JF, Lamande SR, Ramshar JAM. In: Extracellular Matrix. Vol.2. ed
by Wayne D.Comper, 1996. Harwood Academic Publishers.
6. Bell RS, Bourret LA, Bell DF, Gebhardt MC, Rosenberg A, Berrey HB,
Treadwell BV, Tomford WW, Mankin HJ. Evaluation of fluorescein diacetate
for flow cytometric determination of cell viability in orthopaedic research. J
Orthop Res. 1988 ;6(4) :467-74.
7. Bonassar LJ, Grodzinsky AJ, Srinivasan A, Davila SG, Trippel SB.
Mechanical and physicochemical regulation of the action of insulin-like
growth factor-I on articular cartilage. Arch Biochem Biophys. 2000 Jul
1;379(1):57-63.
8. Bonassar LJ, Grodzinsky AJ, Frank EH, Davila SG, Bhaktav NR, Trippel SB.
The effect of dynamic compression on the response of articular cartilage to
insulin-like growth factor-I. J Orthop Res. 2001 Jan;19(1):11-7.
9. Bowes, J.H; Kenton, R.H. Biochem. J. 1948, 43, 358-365.
10. Brodsky B, Eikenberry EF, Belbruno KC, Sterling K. Variations in collagen
fibril structure in tendons. Biopolymers. 1982 May;21(5):935-51.
11. Buckwalter JA, Poole AR, Reiner A, Rosenberg LC. Immunoferritin binding
to proteoglycan monomers. An electron microscopic study. J Biol Chem.
1982 Sep 25;257(18):10529-32.
12. Buckwalter JA, Roughley PJ, Rosenberg LC. Age-related changes in
cartilage proteoglycans: quantitative electron microscopic studies. Microsc
Res Tech. 1994 Aug 1;28(5):398-408.
160
13. Bursac P, McGrath CV, Eisenberg SR, Stamenovic D. A microstructural
model of elastostatic properties of articular cartilage in confined
compression. J Biomech Eng. 2000 Aug;122(4):347-53.
14. Buschmann MD, Gluzband YA, Grodzinsky AJ, Hunziker EB. Mechanical
compression modulates matrix biosynthesis in chondrocyte/agarose culture. J
Cell Sci. 1995 Apr;108 ( Pt 4):1497-508.
15. Buschmann MD, Grodzinsky AJ. A molecular model of proteoglycan-
associated electrostatic forces in cartilage mechanics. J Biomech Eng. 1995
May; 117(2):179-92.
16. Buschmann MD, Maurer AM, Berger E, Hunziker EB. A method of
quantitative autoradiography for the spatial localization of proteoglycan
synthesis rates in cartilage. J Histochem Cytochem. 1996 May;44(5):423-31.
17. Buschmann MD, Kim YJ, Wong M, Frank E, Hunziker EB, Grodzinsky AJ.
Stimulation of aggrecan synthesis in cartilage explants by cyclic loading is
localized to regions of high interstitial fluid flow. Arch Biochem Biophys.
1999 Jun 1;366(1):1-7.
18. Cano E, Mahadevan LC. Parallel signal processing among mammalian
MAPKs. Trends Biochem Sci. 1995 Mar;20(3):117-22.
19. Chapman, JA, Hulmes, DJS. Electro microscopy of the collagen fibril. In:
Ultrastructure of the Connective Tissue Matrix. ed by Ruggeri, A and Motta,
PM., Boston:Martinus Nijhoff Publishers. 1984:1-33.
20. Chen CH, Hansma HG. Basement membrane macromolecules: insights from
atomic force microscopy. J Struct Biol. 2000 Jul;131(1):44-55.
21. Chen CT, Burton-Wurster N, Lust G, Bank RA, Tekoppele JM.
Compositional and metabolic changes in damaged cartilage are peak-stress,
stress-rate, and loading-duration dependent. J Orthop Res. 1999
Nov; 17(6):870-9.
22. Cobb MH, Goldsmith EJ. How MAP kinases are regulated. J Biol Chem.
1995 Jun 23;270(25):14843-6.
23. Comper WD, Laurent TC. Physiological function of connective tissue
polysaccharides. Physiol Rev. 1978 Jan;58(1):255-315.
24. Comper WD, Williams RP. Osmotic flow caused by chondroitin sulfate
proteoglycan across well-defined nuclepore membranes. Biophys Chem. 1990
Aug 15;36(3):215-22.
25. Crandall, S.H.; Dahl, N.C.; Lardner, T.H. In: An introduction to the
mechanics of solids, 2nd ed. McGraw-Hill: 1978.
26. Davis MA, Ettinger WH, Neuhaus JM, Cho SA, Hauck WW: The association
of knee injury and obesity with unilateral and bilateral osteoarthritis of the
knee. Am J Epidemiol 1989;130:278-88.
161
27. de Gennes, P.G. Colston Papers No. 29. Ions in Macromolecular and
Biological Systems. In: Scientechnica, Bristol, UK, 1978. pp. 69-79.
28. Edidin M: A rapid, quantitative fluorescence assay for cell damage by
cytotoxic antibodies. J Immunol 1970; 104:1303-1306.
29. Einevoll G, Hemmer, PC. Spatial-distribution of ions around rod-like poly-
electrolytes. J. Chem. Phys. 1988 Jul 1;89(l): 474-482.
30. Eisenberg SR, Grodzinsky AJ. Swelling of articular cartilage and other
connective tissues: electromechanochemical forces. J Orthop Res.
1985;3(2):148-59.
31. Eisenberg SR, Grodzinsky AJ. The kinetics of chemically induced non-
equilibrium swelling of articular cartilage and corneal stroma. J Biomech
Eng. 1987 Feb;109(l):79-89.
32. Eisenberg SR, Grodzinsky aJ. Electrokinetic micromodel of extracellular
matrix and other polyelectrolyte networks. PhysicoChemical Hydrodynamics
1988, 10:517-539.
33. Evans R, Lee C, Frank E, Butts E, Spector M, Grodzinsky A. Quantitative
impedance analysis of cartilage graft tissue following implantation into
canine defects. Trans Orthop Res Soc 2001;34:203.
34. Fanning P, Emkey G, Smith R, Grodzinsky A, Trippel S. Response of
cartilage to mechanical loading is correlated with sustained ERKl/2
activation. Trans Orthop Res Soc 2001;29:172.
35. Farquhar T, Xia Y, Mann K, Bertram J, Burton-Wurster N, Jelinski L, Lust
G: Swelling and fibronectin accumulation in articular cartilage explants after
cyclic impact. J Orthop Res 1996;14:417-23.
36. Fellini SA, Hascall VC, Kimura JH. Localization of proteoglycan core
protein in subcellular fractions isolated from rat chondrosarcoma
chondrocytes. J Biol Chem. 1984 Apr 10;259(7):4634-41.
37. Flory, P. Principles of Polymer Chemistry, Cornell University Press, Ithaca,
NY, 1953
38. Frank EH, Grodzinsky AJ. Cartilage electromechanics--L. Electrokinetic
transduction and the effects of electrolyte pH and ionic strength. J Biomech.
1987;20(6):615-27.
39. Frank EH, Grodzinsky AJ. Cartilage electromechanics--II. A continuum
model of cartilage electrokinetics and correlation with experiments. J
Biomech. 1987;20(6):629-39.
40. Frank EH, Jin M, Loening AM, Levenston ME, Grodzinsky AJ. A versatile
shear and compression apparatus for mechanical stimulation of tissue culture
explants. J Biomech. 2000 Nov;33(11):1523-7.
162
41. Gehrsitz A, McKenna LA, Soder S, Kirchner T, Aigner T. Isolation of RNA
from small human articular cartilage specimens allows quantification of
mRNA expression levels in local articular cartilage defects. J Orthop Res.
2001 May;19(3):478-81.
42. Giori NJ, Beaupre GS, Carter DR. Cellular shape and pressure may mediate
mechanical control of tissue composition in tendons. J Orthop Res. 1993
Jul; 11(4):581-91.
43. Gray ML, Pizzanelli AM, Grodzinsky AJ, Lee RC. Mechanical and
physiochemical determinants of the chondrocyte biosynthetic response. J
Orthop Res. 1988;6(6):777-92.
44. Gribbon P, Hardingham TE. Macromolecular diffusion of biological
polymers measured by confocal fluorescence recovery after photobleaching.
Biophys J. 1998 Aug;75(2):1032-9.
45. Grodzinsky AJ, Levenston ME, Jin M, Frank EH. Cartilage tissue remodeling
in response to mechanical forces. Annual Review Of Biomedical Engineering.
2000;2:691-713.
46. Grodzinsky AJ. In: Osteoarthritis, ed by Brandt et al, p.123, 1998
47. Guilak F, Mow VC. The mechanical environment of the chondrocyte: a
biphasic finite element model of cell-matrix interactions in articular cartilage.
J Biomech. 2000 Dec;33(12):1663-73.
48. Happel J. Viscous flow in multiparticle systems: Slow motion of fluids
relative to beds of spherical particles. AIChE Journal, 1958; 4(2):197-201.
49. Happel J. Viscous flow relative to arrays of cylinders. AIChE Journal, 1959;
5:174-177.
50. Hardingham T, Bayliss M. Proteoglycans of articular cartilage: changes in
aging and in joint disease. Semin Arthritis Rheum. 1990 Dec;20 (3 Suppl
1):12-33.
51. Hardingham TE, Bayliss MT, Rayan V, Noble DP. Effects of growth factors
and cytokines on proteoglycan turnover in articular cartilage. Br J
Rheumatol. 1992;31 Suppl 1:1-6.
52. Herberhold, C., Faber, S., Stammberger, T., Steinlechner, M., Putz, R.,
Englmeier, K.H., Reiser, M., and Eckstein, F. J. Biomech. 1999;32:1287-
1295.
53. Hering TM. Regulation of chondrocyte gene expression. Front Biosci.
1999;4:D743-61.
54. Hollander AP, Heathfield TF, Webber C, Iwata Y, Bourne R, Rorabeck C,
Poole AR. Increased damage to type II collagen in osteoarthritic cartilage
detected by a new immunoassay. J Clin Invest 1994;93:1722-1732.
163
55. Holmes DF, Gilpin CJ, Baldock C, Ziese U, Koster AJ, Kadler KE. Corneal
collagen fibril structure in three dimensions: Structural insights into fibril
assembly, mechanical properties, and tissue organization. Proc Natl Acad Sci
U S A. 2001 Jun 19;98(13):7307-12.
56. Holmvall K, Camper L, Johansson S, Kimura JH, Lundgren-Akerlund E.
Chondrocyte and chondrosarcoma cell integrins with affinity for collagen
type II and their response to mechanical stress. Exp Cell Res. 1995
Dec;221(2):496-503.
57. Honig B, Sharp K, Yang A.-S. Macroscopic models of aqueous-solutions-
Biological and chemical applications. J. Phys. Chem. 1993 Feb;97(6): 1101-
9.
58. Hou JS, Mow VC, Lai WM, Holmes MH. An analysis of the squeeze-film
lubrication mechanism for articular cartilage. J Biomech. 1992
Mar;25(3):247-59.
59. Hung CT, Henshaw DR, Wang CC, Mauck RL, Raia F, Palmer G, Chao PH,
Mow VC, Ratcliffe A, Valhmu WB. Mitogen-activated protein kinase
signaling in bovine articular chondrocytes in response to fluid flow does not
require calcium mobilization. J Biomech 2000;33(1):73-80.
60. Hunziker, E.B. (1992) In: Biological Regulation of the Chondrocytes, pp.1-
31, CRC Press.
61. Jalali S, del Pozo MA, Chen K, Miao H, Li Y, Schwartz MA, Shyy JY, Chien
S. Integrin-mediated mechanotransduction requires its dynamic interaction
with specific extracellular matrix (ECM) ligands. Proc Natl Acad Sci U S A.
2001 Jan 30;98(3):1042-6.
62. James AE, Williams DJA. Numerical solution of the Poisson-Boltzmann
equation. J. Colloid. Interf. 1985;107(1): 44-59.
63. Jeffrey JE, Gregory DW, Aspden RM. Matrix damage and chondrocyte
viability following a single impact load on articular cartilage. Arch Biochem
Biophys 1995;322:87-96.
64. Jeffrey JE, Thomson LA, Aspden RM: Matrix loss and synthesis following a
single impact load on articular cartilage in vitro. Biochim Biophys Acta
1997;1334:223-32.
65. Jin M. Regulation of Cartilage Metabolism by Dynamic Tissue Shear Strain
and the Mechanical Characterization of Cartilage. SM Thesis 1999, MIT.
66. Jin M, Frank EH, Levenston ME, Grodzinsky AJ. Proteoglycan electrostatic
interactions influence the shear properties of cartilage. Trans Orthop Res Soc
2000;25:894.
67. Jin M, Frank E, Quinn T, Hunziker E, Grodzinsky A. Tissue shear regulates
chondrocyte biosynthesis: differential effects on PG and proteins. Trans
Orthop Res Soc 2001;29:170.
164
68. Jin M, Grodzinsky AJ. Effect of electrostatic interactions between
glycosaminoglycans on the shear stiffness of cartilage: A molecular model
and experiments. Macromolecules 2001;34(23):8330-8339.
69. Jin M, Frank EH, Quinn TM, Hunziker EB, Grodzinsky AJ. Tissue shear
deformation stimulates proteoglycan and protein biosynthesis in bovine
cartilage explants. Arch Biochem Biophys. 2001 Nov 1;395(l):41-8.
70. Jin M, Grozinsky AJ, Wuerz, TH, Emkey GR, Wong M, Hunziker EB.
Influence of Tissue Shear Deformation on Matrix Electromechanics and
Metabolism in Cartilage Explants. In: The Many Faces of Osteoarthritis. ed
by Kuettner KE. Birkhauser Verlag AG, Basel, Switzerland, in press.
71. Katchalsky, A. Pure Applied Chemistry. 1971;327-373.
72. Kerin A, Hung G, Verzijl N, DeGroot J, TeKoppele J, Grodzinsky A. The
effect of non-enzymatic glycation on mechanical properties of articular
cartilage. Trans Orthop Res Soc 2001;22:130.
73. Kim YJ, Sah RL, Doong JY, Grodzinsky AJ. Fluorometric assay of DNA in
cartilage explants using Hoechst 33258. Anal Biochem. 1988 Oct;174(l):168-
76.
74. Kim YJ, Sah RL, Grodzinsky AJ, Plaas AH, Sandy JD. Mechanical
regulation of cartilage biosynthetic behavior: physical stimuli. Arch Biochem
Biophys. 1994 May 15;311(1):1-12.
75. Kim YJ, Bonassar LJ, Grodzinsky AJ. The role of cartilage streaming
potential, fluid flow and pressure in the stimulation of chondrocyte
biosynthesis during dynamic compression. J Biomech. 1995 Sep;28(9):1055-
66.
76. Kisiday J, Jin M, Hung H, Kurz B, Zhang S, Grodzinsky A. Self-assembling
peptide scaffold for cartilage tissue engineering. Trans Orthop Res Soc
2001;9:54.
77. Kovach IS. A molecular theory of cartilage viscoelasticity. Biophys Chem.
1996 Mar 7;59(1-2):61-73.
78. Kurz B, Jin M, Patwari P, Cheng DM, Lark MW, Grodzinsky AJ.
Biosynthetic response and mechanical properties of articular cartilage after
injurious compression. J Orthop Res. 2001 Nov; 19(6):1140-6.
79. Lai WM, Hou JS, Mow VC. A triphasic theory for the swelling and
deformation behaviors of articular cartilage. J Biomech Eng. 1991
Aug; 113(3):245-58.
80. Lander AD, Selleck SB. The elusive functions of proteoglycans: in vivo
veritas.J Cell Biol. 2000 Jan 24;148(2):227-32.
81. Lee DA, Bader DL. Compressive strains at physiological frequencies
influence the metabolism of chondrocytes seeded in agarose. J Orthop Res.
1997 Mar;15(2):181-8.
165
82. Lehmann EL, Casella G. Theory of Point Estimation, 2u"d Edition. New York,
Springer, 1998
83. Levenston ME, Frank EH, Grodzinsky AJ. Variationally derived 3-field
finite element formulations for quasistitic poroelastic analysis of hydrated
biological tissues. Comput. Method. Appl. M. 1998 Apr;156(1-4):231-246.
84. Lieber RL. Statistical significance and statistical power in hypothesis testing.
J Orthop Res. 1990 Mar;8(2):304-9.
85. Loening AM, James IE, Levenston ME, Badger AM, Frank EH, Kurz B,
Nuttall ME, Hung HK, Blake SM, Grodzinsky AJ, Lark MW. Injurious
mechanical compression of bovine articular cartilage induces chondrocyte
apoptosis. Arch Biochem Biophys 2000;381:205-212.
86. Lohmander, LS, Kimura, JH. Biosynthesis of Cartilage Proteoglycan. In:
Articular Cartilage Biochemistry. ed by Kuettner, K., Raven Press, New
York. 1986:93-111.
87. Malvern LE. In: Introduction to the Mechanics of a Continuous Medium.
Prentice-Hall, Englewood Cliffs, New Jersey, 1969.
88. Maroudas Al. Balance between swelling pressure and collagen tension in
normal and degenerate cartilage. Nature 1976;260:808-9.
89. Marshall CJ. Specificity of receptor tyrosine kinase signaling: transient
versus sustained extracellular signal-regulated kinase activation. Cell. 1995
Jan 27;80(2):179-85.
90. Mauck RL, Soltz MA, Wang CC, Wong DD, Chao PH, Valhmu WB, Hung
CT, Ateshian GA. Functional tissue engineering of articular cartilage through
dynamic loading of chondrocyte-seeded agarose gels. J Biomech Eng. 2000
Jun; 122(3):252-60.
91. Melcher J.R. In: Continuum Electromechanics. MIT Press, Cambridge, MA,
1981.
92. Mengshol JA, Vincenti MP, Coon CI, Barchowsky A, Brinckerhoff CE.
Interleukin-1 induction of collagenase 3 (matrix metalloproteinase 13) gene
expression in chondrocytes requires p38, c-Jun N-terminal kinase, and
nuclear factor kappaB: differential regulation of collagenase 1 and
collagenase 3. Arthritis Rheum. 2000 Apr;43(4):801-11.
93. Millward-Sadler SJ, Wright MO, Davies LW, Nuki G, Salter DM.
Mechanotransduction via integrins and interleukin-4 results in altered
aggrecan and matrix metalloproteinase 3 gene expression in normal, but not
osteoarthritic, human articular chondrocytes. Arthritis Rheum. 2000
Sep;43(9):2091-9.
94. Mow VC, Kuei SC, Lai WM, Armstrong CG. Biphasic creep and stress
relaxation of articular cartilage in compression: Theory and experiments. J
Biomech Eng. 1980 Feb;102(1):73-84.
166
95. Muir H. The chondrocyte, architect of cartilage. Biomechanics, structure,
function and molecular biology of cartilage matrix macromolecules.
Bioessays. 1995 Dec;17(12):1039-48.
96. Murakami S, Kan M, McKeehan WL, de Crombrugghe B. Up-regulation of
the chondrogenic Sox9 gene by fibroblast growth factors is mediated by the
mitogen-activated protein kinase pathway. Proc Nati Acad Sci U S A. 2000
Feb 1;97(3):1113-8.
97. Newberry WN, Garcia JJ, Mackenzie CD, Decamp CE, Haut RC: Analysis of
acute mechanical insult in an animal model of post-traumatic osteoartrosis. J
Biomech Eng 120:704-709, 1998
98. Ogsten, A.G.; Preston, B.N.; Wells, J.D. Proceedings of the Royal Society of
London 1973;333,297-316.
99. Palmoski MJ, Brandt KD: Effects of static and cyclic compressive loading on
articular cartilage plugs in vitro. Arthritis Rheum. 1984;27:675-681.
100. Parkkinen JJ, Ikonen J, Lammi MJ, Laakkonen J, Tammi M, Helminen HJ.
Effects of cyclic hydrostatic pressure on proteoglycan synthesis in cultured
chondrocytes and articular cartilage explants. Arch Biochem Biophys. 1993
Jan;300(1):458-65.
101. Parkkinen JJ, Lammi MJ, Helminen HJ, Tammi M. Local stimulation of
proteoglycan synthesis in articular cartilage explants by dynamic
compression in vitro. J Orthop Res. 1992 Sep;10(5):610-20.
102. Parkkinen JJ, Lammi MJ, Inkinen R, Jortikka M, Tammi M, Virtanen I,
Helminen HJ. Influence of short-term hydrostatic pressure on organization of
stress fibers in cultured chondrocytes. J Orthop Res. 1995 Jul;13(4):495-502.
103. Pickvance EA, Oegema TR Jr, Thompson RC Jr: Immunolocalization of
selected cytokines and proteases in canine articular cartilage after
transarticular loading. J Orthop Res 1993 ; 11:313-23.
104. Press WH, Flannery BP, Teukolsky SA, Vetterling WT. In: Numerical
Recipes. Cambridge University Press, New York, 1986.
105. Preston BN, Snowden JM, Houghton KT. Model connective tissue systems:
the effect of proteoglycans on the distribution of small non-electrolytes and
micro-ions. Biopolymers. 1972; 11(8):1645-9.
106. Prydz K, Dalen KT. Synthesis and sorting of proteoglycans. J Cell Sci. 2000
Jan;113 Pt 2:193-205.
107. Quinn TM. PhD Thesis, 1996, MIT
108. Quinn TM, Grodzinsky AJ, Buschmann MD, Kim YJ, Hunziker EB.
Mechanical compression alters proteoglycan deposition and matrix
deformation around individual cells in cartilage explants. J Cell Sci. 1998
Mar;111 ( Pt 5):573-83.
167
109. Quinn TM, Grodzinsky AJ, Hunziker EB, Sandy JD. Effects of injurious
compression on matrix turnover around individual cells in calf articular
cartilage explants. J Orthop Res. 1998 Jul;16(4):490-9.
110. Quinn TM, Dierickx P, Grodzinsky AJ. Glycosaminoglycan network
geometry may contribute to anisotropic hydraulicpermeability in cartilage
under compression. J Biomech. 2001; 34(11):1483-90.
111. Radin EL, Ehrlich MG, Chernack R, Abernethy P, Paul IL, Rose RM. Effect
of repetitive impulsive loading on the knee joints of rabbits. Clin Orthop
1978; 131:288-293.
112. Radin EL, Paul IL, Lowy M. A comparison of the dynamic force transmitting
properties of subchondral bone and articular cartilage. J Bone Joint Surg
[Am] 52:444-56, 1970
113. Ragan PM, Badger AM, Cook M, Chin VI, Gowen M, Grodzinsky AJ, Lark
MW. Down-regulation of chondrocyte aggrecan and type-II collagen gene
expression correlates with increases in static compression magnitude and
duration. J Orthop Res. 1999 Nov;17(6):836-42.
114. Ragan PM, Badger AM, Cook M, Grodzinsky AJ, Lark MW. Chondrocyte
gene expression of aggrecan and type Ila collagen is upregulated by dynamic
compression and the response is related to the surrounding extracellular
matrix density. Trans Orthop Res Soc 2000;25:639.
115. Ratcliffe A, Tyler JA, Hardingham TE. Articular cartilage cultured with
interleukin 1. Increased release of link protein, hyaluronate-binding region
and other proteoglycan fragments. Biochem J. 1986 Sep 1;238(2):571-80.
116. Repo RU, Finlay JB: Survival of articular cartilage after controlled impact. J
Bone Joint Surg [Am] 1977 ;59:1068-76.
117. Rhoads DN, Eskin SG, McIntire LV.Fluid flow releases fibroblast growth
factor-2 from human aortic smooth musclecells. Arterioscler Thromb Vasc
Biol. 2000 Feb;20(2):416-21.
118. Ripamonti A, Roveri N, Braga D, Hulmes DJ, Miller A, Timmins PA. Effects
of pH and ionic strength on the structure of collagen fibrils. Biopolymers.
1980 May;19(5):965-75.
119. Sah RL, Kim YJ, Doong JY, Grodzinsky AJ, Plaas AH, Sandy JD.
Biosynthetic response of cartilage explants to dynamic compression. J
Orthop Res. 1989;7(5):619-36.
120. Sah RL, Doong JY, Grodzinsky AJ, Plaas AH, Sandy JD. Effects of
compression on the loss of newly synthesized proteoglycans and proteins
from cartilage explants. Arch Biochem Biophys. 1991 Apr;286(l):20-9.
121. Sah RL, Trippel SB, Grodzinsky AJ. Differential effects of serum, insulin-
like growth factor-I, and fibroblast growth factor-2 on the maintenance of
168
cartilage physical properties during long-term culture. J Orthop Res. 1996
Jan; 14(l):44-52.
122. Sanfeld A. In: Introduction to the thermodynamics of charged and polarized
layers John Wiley & Sons: 1967.
123. Seger R, Krebs EG. The MAPK signaling cascade. FASEB J. 1995
Jun;9(9):726-35.
124. Seger R, Krebs EG.The MAPK signaling cascade. FASEB J. 1995
Jun;9(9):726-35.
125. Seog J, Dean D, Plaas A, Wong-Palms S, Lee I, Kong J, Laibinis P,
Grodzinsky A, Ortiz C. Cartilage molecular mechanics: Detection of GAG
electrostatic interactions by high-resolution force spectroscopy. Trans Orthop
Res Soc 2001;10:55.
126. Setton LA, Zhu W, Mow VC. The biphasic poroviscoelastic behavior of
articular cartilage: role of the surface zone in governing the compressive
behavior. J Biomech. 1993 Apr-May;26(4-5):581-92.
127. Sharp, K; Honig, B. Calculating total electrostatic energies with the
nonlinear Poisson-Boltzmann equation. J. Phys. Chem. 1990
Sep;94(19):7684-7692.
128. Simon WH, Mak A, Spirt A. The effect of shear fatigue on bovine articular
cartilage. J Orthop Res. 1990 Jan;8(1):86-93.
129. Smith LR, Trindade MC, Ikenoue T, Mohtai M, Das P, Carter DR, Goodman
SB, Schurman DJ. Effects of shear stress on articular chondrocyte
metabolism. Biorheology. 2000;37(1-2):95-107.
130. Smith RL, Donlon BS, Gupta MK, Mohtai M, Das P, Carter DR, Cooke J,
GibbonsG, Hutchinson N, Schurman DJ. Effects of fluid-induced shear on
articular chondrocyte morphology and metabolism in vitro. J Orthop Res.
1995 Nov;13(6):824-31.
131. Steinmeyer J, Knue S. The proteoglycan metabolism of mature bovine
articular cartilage explants superimposed to continuously applied cyclic
mechanical loading. Biochem Biophys Res Commun 1997;240:216-21.
132. Sun HB, Smith GN, Hasty KA, Yokota H. Atomic force microscopy-based
detection of binding and cleavage site of matrix metalloproteinase on
individual type II collagen helices. ANALYTICAL BIOCHEMISTRY 2000
Aug;283 (2):153-158.
133. Thompson RC Jr, Oegema TR Jr, Lewis JL, Wallace LJ. Osteoarthrotic
changes after acute transarticular load. An animal model. J Bone Joint Surg
[Am] 1991;73:990-1001.
134. Thompson RC Jr, Vener MJ, Griffiths HJ, Lewis JL, Oegema TR Jr, Wallace
L. Scanning electron-microscopic and magnetic resonance-imaging studies of
169
injuries to the patellofemoral joint after acute transarticular loading. J Bone
Joint Surg [Am] 1993;75:704-13.
135. Torzilli PA, Grigiene R, Borrelli J, Helfet DL: Effect of impact load on
articular cartilage: cell metabolism and viability, and matrix water content. J
Biomech Eng 1999;121:433-441.
136. Trippel S. In: Biological Regulation of Chondrocytes, CRC Press, p.161,
1992
137. Upholt WB, Vertel BM, Dorfman A. Translation and characterization of
messenger RNAs in differentiating chicken cartilage. Proc Natl Acad Sci U S
A. 1979 Oct;76(10):4847-51.
138. Urban JP, Hall AC, Gehl KA. Regulation of matrix synthesis rates by the
ionic and osmotic environment of articular chondrocytes. J Cell Physiol.
1993 Feb; 154(2):262-70.
139. Valhmu WB, Stazzone EJ, Bachrach NM, Saed-Nejad F, Fischer SG, Mow
VC, Ratcliffe A. Load-controlled compression of articular cartilage induces a
transient stimulation of aggrecan gene expression. Arch Biochem Biophys.
1998 May 1;353(1):29-36.
140. Veis A, Payne, K. Collagen fibrillogenesis. In: Collagen Biochemistry, ed by
Minmi, ME. CRC Press. 1988:113-137.
141. Venn M, Maroudas A. Chemical composition and swelling of normal and
osteoarthrotic femoral head cartilage. I. Chemical composition. Ann Rheum
Dis. 1977 Apr;36(2):121-9.
142. Waskiewicz AJ, Cooper JA. Mitogen and stress response pathways: MAP
kinase cascades and phosphatase regulation in mammals and yeast. Curr
Opin Cell Biol. 1995 Dec;7(6):798-805.
143. Watanabe H, de Caestecker MP, Yamada Y. Transcriptional cross-talk
between Smad, ERKl/2, and p38 mitogen-activated protein kinase pathways
regulates transforming growth factor-beta-induced aggrecan gene expression
in chondrogenic ATDC5 cells. J Biol Chem. 2001 Apr 27;276(17):14466-73.
144. Wight, T.N.; Heinegard, D.K.; Hascall, V.C. In: Cell Biology of
Extracellular Matrix, 2nd ed. Plenum Press: New York, 1991.
145. Wilkins, R.J., Browning, J.A., and Urban, J.P.G. Chondrocyte regulation by
mechanical load. Biorheology 2000:37(1-2):67-74.
146. Wong M, Siegrist M, Cao X. Cyclic compression of articular cartilage
explants is associated with progressive consolidation and altered expression
pattern of extracellular matrix proteins. Matrix Biol. 1999 Aug;18(4):391-9.
147. Woo SL, Simon BR, Kuei SC, Akeson WH. Quasi-linear viscoelastic
properties of normal articular cartilage. J Biomech Eng. 1980 May;102(2):85-
90.
170
148. Wright M, Jobanputra P, Bavington C, Salter DM, Nuki G. Effects of
intermittent pressure-induced strain on the electrophysiology of cultured
human chondrocytes: evidence for the presence of stretch-activated
membrane ion channels. Clin Sci (Lond). 1996 Jan;90(1):61-71.
149. Yang BB, Zhang Y, Cao L, Yang BL. Aggrecan and link protein affect cell
adhesion to culture plates and to type II collagen. Matrix Biol. 1998
Mar; 16(9):541-61.
150. Zhu W, Lai WM, Mow VC. The density and strength of proteoglycan-
proteoglycan interaction sites in concentrated solutions. J Biomech.
1991;24(11):1007-18.
151. Zhu W, Mow VC, Koob TJ, Eyre DR. Viscoelastic shear properties of
articular cartilage and the effects of glycosidase treatments. J Orthop Res.
1993 Nov;11(6):771-81.
152. Zhu W, Jatridis JC, Hlibczuk V, Ratcliffe A, Mow VC. Determination of
collagen-proteoglycan interactions in vitro. J Biomech. 1996 Jun;29(6):773-
83.
171
